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CHAPTER 1 
RUBBER TO METAL BONDING 
1.1 Historical Background 
Rubber to metal bonding is a phenomenon which was discovered 
early in this century, but only in the last thirty years more relia-
ble methods and techniques have been worked out to exploit it as a 
production process. 
The need for bonded rubber-metal units has been most evident 
in the engineering industries where they are used mainly to damp out 
mechanical vibration, to absorb shock loads, to aid in the suppression 
of noise, and in the rubber. lining of chemical vessels. Availability 
of suitable units has been of great assistance to the designer and has 
added a new constructional unit to those already at.his disposal. 
Rubber has inherent properties possessed by no other material, but 
full advantage can be taken of these unique characteristics only 
when it is applied in a suitable manner. The presence of a metal 
component enables th~ designer to introduce a bonded unit at almost 
any point in his layout wi·thout having to rely on mechanical means 
for locating the ·rubber phase. 
Earlier methods introduced to bond rubber-to-metal consisted 
of attaching the rubber by mechanical means, e.g. by bolting or by 
encasing in a housing, or chemically by using a layer of ebonite 
between the rubber and the metal. In earlier technology ebonite was 
used as a bonding agent because of its double functionality in bonding 
to metal and to rubber at the same time. The ebonite property of being 
thermoplastic and the incorporation of a very high amount of sulphur 
in its formulation adversely affects the properties of any neighbouring 
rubber to which it is bonded(l). 
The above methods of bonding were unsuccessful in achieving a 
secure and a good yet flexible bond between the rubber and the metal. 
These disadvantages challenged scientists to look for more reliable 
bonding agents. In one approach cyclised derivatives of rubber(2) 
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were prepared by treating the hydrocarbon with sulphuric acid or 
with certain sulphonic acids and these were found to have good bon-
ding properties when applied between unvu1canized rubber and metal 
prior to vu1canizing(3). These compounds were unfortunately thermo-
plastic and marked deterioration of the bond occurred at temperatures 
above 600C. 
Few years later other modified rubber derivatives were deve-
loped which showed excellent bonding properties without possessing 
the major drawback of being thermoplastic. Typical of these were 
chlorinated and hydroch10rinated rubbers(4) which were usually prop-
rietary materials and could not be applied to all metallic surfaces 
with equal success. Effective control of their performance and repro-
ducibility was difficult. For example with some metals a good bond 
was obtained, while with others only a moderate, and with still others 
no bond whatsoever was developed. 
It has been understood for a long time that various rubbers, 
when vulcanized against copper ,or alloys such as brass, develop a 
bond with the metal. It is not known who first observed this pheno-
menon, but as early as 1862 Charles Anderson(5) specified that metal 
to be rubber covered should first of all be coated with a layer of 
brass applied by e1ectrodeposition. Another scientist G H Hood(6) 
adopted in 1911 a brass plating metal technique for obtaining a bond 
between rubber and metal in the production of rollers. After the 
second'wor1d war, people like Buchan(7) and B10w(8) worked assiduously 
to explain the theoretical basis of brass adhesion to rubber. 
Since then the method of brass plating for achieving good adhe-
sion has become one of the most important techniques in industry and 
has attracted much scientific research attention. In spite of this 
vast expansion in using brass as a means of rubber adhesion to metal, 
only a limited size of component could be brass plated due to low 
handling cost and therefore the earlier chemical (proprietary) ways 
of rubber-to-meta1 bonding are widely used especially for big items. 
Such chemical bonding agents are now complex mixtures containing 
chlorinated, hydroch10rinated and oxidized rubbers, isocynates, and 
pro-oxidant metal salts such as 'coba1t-naphthenate. Examples of trade 
3 
bonding agent names are the Chemloks (Hughson Chemical Co), Ty-plys 
(Marbon Corporation), Megum (Metallgellschaft). 
The rubber adhesion to brass plated steel is considered to be 
much better than the adhesion of the rubber to unplated steel. In 
the former case no bonding agent is required, while in the latter 
case the use of a bonding agent is essential. Despite the feasibility 
of bonding rubber-to-brass plated steel, many difficulties are asso-
ciated with getting good reproduceable -adhesion. Only certain brass 
compositions can be employed and with these particular brasses only 
specific rubber formulations may be used if a vulcanized bond of a 
consistently high level of adhesion is to be maintained. The brass 
composition usually quoted as being the most suitable for bonding 
purposes consists of-70X copper and 30% zinc. Also the chemical com-
position of the particular rubber selected will greatly influence bon-
ding. For example, silicone rubber gives much lower bonding strength 
than nitrile rubber(9). 
1.2 Identification and Classification of Rubber-ta-metal Adhesives 
Despite the apparent abundance of metallic bonding media. none, 
apart from brass and copper, appear to have been developed and used on 
a commercial scale. There are, however. agents other than metallic 
ones which are known to give adhesion and it is to these industry is 
turning. Some of these have been known for many years. but it is on 
the newer types that manufacturers are concentrating and initiating 
ambitious research programmes with a view to improve_ the existing 
varieties and finding newer and better ones. Historically the 
effectiveness of an individual adhesive is limited to either natural 
or specific types of synthetic rubber. but developments in this field 
have led the way to the discovery of more universal reagents which 
can be used with several varieties of natural and synthetic rubber. 
Brass as a bonding medium has been used with only unvulcanized 
rubber but some of the newer preparations can be employed for uniting 
vulcanized elastomers to metals. A good bond is obtained with a strength 
of the same order as that of-the unvulcanized rubber. 
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On this basis, it is useful to list and compare the function 
and chemical structure of established rubber-to-metal bonding agents 
and adhesives. The classification system adopted will be based on 
the physical and chemical nature of the bonding agents. 
1.2.1 Thermoplastic Bonding Agents 
A. Ebonite 
Ebonite, or hard rubber as it is often called, was first made 
by Thomas Hancock in 1843 and was patented by Nelson Goodyear in 
1851. It consists essentially of natural rubber with a combined 
sulphur content of 32% and during its preparation the unsaturated 
rubber hydrocarbon becomes saturated due to substantial crosslinking. 
Hard rubber is of interest because by means of ebonite cements 
and junction layers, soft rubber formulations can be bonded to metals. 
8eing an easily prepared material, its manufacture lies within the 
scope of any rubber manufacturer and because of this its use as a 
bonding agent has been widespread. 
Unlike soft vulcanized rubber, ebonite is thermoplastic, and 
can be shaped and formed at temperatures over 600C. This ~eans that 
the ebonite bond between soft rubber and metal is also sensitive to 
rises in temperature and will weaken progressively as the unit is 
heated. This fall off strength is not to be confused with the decrease 
recorded when a rubber-to-brass bond is heated as in the later case 
increase in temperature tends to somewhat weaken the rubber phase, 
whereas with ebonite as the bonding agent, the bond itself fails almost 
completely above 1000C. in addition to any lesser effect which the 
temperature may have on the superimposed soft rubber. 
The effect of temperature on the ebonite bond is illustrated on 
Table 1.1(10). 
Ebonite-soft rubber interfaces tend to age badly and disinte-
gration of the soft rubber just above the ebonite may set in. This 
effect is considered to be caused by the diffusion of sulphur from 
the ebonite layer into the highly-accelerated, low-sulphur soft rubber 
matrix. Whereas ebonite with 32% sulphur gives a strong inert product 
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and accelerated soft rubber with 3% gives a tough good ageing 
vulcanizate soft rubber compounds with intermediate amounts of sul-
phur, e.g. 15%, have poor physical properties and age badly, as 
shown on Tables l.l and l.2(11). 
The interface of ebonite-rubber, is, therefore, a source of 
weakness which in certain types of units can lead to failure. If 
solid tyres are examined which have been in service either in mili-
tary tanks or on haulage vehicles, it will be noted that after some 
time gaps develop between the ebonite and the soft rubber and that 
the longer the tyres run, and the hotter they become, the greater 
will be the extent of this separation. The same effect is not met 
within rubber-to-brass bonds or with proprietary cement bonds. 
To produce ebonite the base rubber can be either natural or a 
synthetic of the styrene-butadiene or a crylonitrile-butadiene type. 
In addition to the sulphur, other modifying ingredients are usually 
added. A common filler is .ground ebonite dust, which reduces to some 
extent the development of internal heat during cure, reduces excessive 
shrinkage and has, apparently, no adverse effect on bonding. Iron 
oxide has been strongly recommended by some investigators· as an 
ingredient which increases the strength of the bond between ebonite 
and metal. It has been stated that addition of about 8% of iron oxide 
to a rubber-ebonite adhesive increased the bond strength by 260%(12). 
Other ingredients used in ebonite ,formulations which do not appear to 
increase its bonding capability are reclaims, soft carbon blacks, 
clays, magnesium carbonate, whiting, tread whitings, zinc oxide, 
lime, magnesia, litharge, brown factice mineral rubber, stearic acid 
and certain accelerators such as DPG and MBTS. 
It should be noted, however, that accelerators do not improve 
the physical properties of ebonite in the same way as they do for 
natural and synthetic rubber. Their main advantage is that they speed 
up the rate of vulcanization of the hard rubber. As the curing of 
ebonite is a strongly exothermic reaction, a limitation is placed on 
the type of accelerators incorporated and, therefore, fast varieties 
are not used. 
Typical ebonite mixes which are often used for bonding rubber-
to-metal are listed on Table 1.3. 
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TABLE 1. 1 (l 0) 
The Effect of Temperature on the Rubber-Ebonite-Metal Bond 
Temperature 0c Bond strength in tension MN m- 2 
100 0.88 
80 0.93 
60 1.34 
40 2.11 
20 2.34 
0 5.51 
-20 7.21 
-40 10 
-60 20 
TABLE 1.2(11) 
Effect of Sulphur Content on Tensile Strength of Rubber 
% Sulphur Tensile Strength 
I 
Original Aged 7 days at 70; .. oC in hot air f 
MN m-< MN m-< 
Soft rubber 2.5 .21.95 19.75 
increased 8.5 22.93 7.9 
hardness due 14.5 25.08 10.95 
to sulphur 20.5 20.65 12.41 
crossl inking 26.5 18.8 16 
increase 
Eboni te 32.0 17.4 23.65 
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TABLE 1. 3 
Typical Ebonite Mixes 
Ingredients A B C 0 
Rubber 100 100 100 100 
Sulphur 45 35 40 45 
Ebonite dust - - 40 -
Magnesium carbonate - - - 25 
China clay 40 60 50 -
Barytes (barium sulphate) 40 - - -
Soft carbon black - 10 - 5 
Lime (calcium hydroxide or 30 - 10 10 calcium oxide) 
Magnesia (magnesium oxide) - - - 17.5 
Crumbed rubber 30 - - -
Whiting ,(ground chalk) - 30 - -
Rod iron oxide (ferric oxide) - - 25 -
Boiled linseed oil 10 - - -
Brown factice* 5 2 - -
MBTS (Dibenzthiazyl disul- 2 phide) - - -
DPG (dibutyl guanidine) - - 2 -
Mineral rubber 4 4 - -
L ithera rge (PbO) - - - 3 
304 243 267 202.5 
* Brown factice - is manufactured by reacting special vegetable or 
marine oil with sulphur at 1400 - 1600C 
TABLE 1.4 
Effect of Metal Surface Identity on Bond Strength 
Meta 1 Surface Steel Chromium Brass Copper 
Average bond strength 9.1 8.5 9.3 1.40 
MN m- 2 
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Cleanliness of the metal surface is an important point which 
must be controlled for maintenance of a good bond between the rubber· 
and the metal. The metal to be bonded to ebonite is usually cleaned 
(see later) to remove adherent rust scale by means of wire hand 
brushes, power driven rotary wire wheels or by shot-blasting or by 
chemical treatments. After a final wash with a degreasing solvent, 
two or more coats of an ebonite cement may be applied, each being 
allowed to dry before application of the next. Then an unvulcanized 
ebonite junction layer is rolled on, possibly followed by a low sul-
phur interply (if one is used) and, finally, the base soft rubber layer. 
Ebonite can be bonded satisfactorily to most metals including 
iron, tin, zinc and chromium, but not to copper and certain brasses 
which contain high zinc contents (see later) and these have to be 
surface treated by tinning or some similar surface treatment prior 
to bonding. Lead and aluminium may also give a certain amount of 
trouble. Some results are given in Table 1.4. 
B. Latex/Albumen 
/ 
Protein has been used as a bonding agent for many years, but 
its function as a bonding agent for rubber to metal is restricted 
because of its limited elasticity. A meanS was discovered of giving 
the protein a limited amount of elasticity by mixing it, usually in 
the form of blood albumen, with latex. 
Numerous patents have been taken out and several references to 
the method have appeared in the literature. Farberov, Gorona and Zueva(13) 
have given a good resume of the process as used up to 1936. They found 
that they obtained good results with 50 to 75 parts of dark blood albu-
men added to 100 parts of rubber, as latex. The sulphur-accelerator 
ratio and the type of accelerator used were stated by them to be 
important factors in the production of good bonding cements. The 
addition of small amounts of formalin to the latex compound was found 
to be beneficial in that it acted as a preservative and gave a certain 
degree of water resistance to the bonding film. 
The technique using 
effect on bond strength. 
the latex/albumen film had a pronounced 
For example, it was found that warming the 
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film after application to metal and then baking it in air at 1000C 
to 1250C for 10 to 30 minutes, was considered to be very important 
(Table 1.5). 
A comparison of the bond strengths obtained by the use of 
latex/albumen adhesives for natural rubber, polyc~roprene and poly-
butadiene is shown in Table 1.6. It was observed that harder 
natural rubber qualities gave the highest adhesion, and the alum-
inium test sample had to be treated so as to increase the surface 
area probably by etching in alkali. 
C. Cyclised Rubber (Thermoprenes)* 
Harries(14) in 1,%0 treated certain rubber types with sul-
phuric acid and produced substances which were less unsaturated 
than the original raw rubber with which he started. It was not until 
1927, however, that Fisher(3) found that the balata-like thermoplas-
tic adhesives produced by a somewhat similar technique could be 
employed for bonding rubber to metal. By varying the conditions, 
products could be obtained which varied in appearance from gutta-
percha to she /lo:c- 1 i ke sol i ds. Mos t condens i ng agents employed had 
the grouping RS02X, where R represents an organic radical or a 
hydroxyl group and X a hydroxyl group or chlorine. They include 
sulphuric acids, organic sulphonic acids and organic sulphonyl 
chlorides, or material capable of producing these during the reac-
tion. 
Since 1927, many patentees have filed claims for alternative 
methods of bringing about cyclisation and for improving the adhesion 
obtained by the original methods. For example, Balata and Gutta-per-
cha were acted up on by sulphuric acid, sulphonic acids, stannic 
chloride, etc. in the presence of a polymerized hydrocarbon such as 
natural rubber, to produce substances which could be dissolved in 
toluene or carbon tetrachloride and used for bonding rubber-to-metal(15). 
Resins extracted from rubber and allied hydrocarbons by means of 
an organic solvent were treated with formaldehyde in the presence of 
* Thermoprene, Trade name of ICI 
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TABLE 1.5 
Heat Treatment Effects on the Bond Strength of A1bumene Adhesive 
Composition of Heating Strength of 
Adhesive bond in MN m- 2 
Min °c 
No vulcanizing agent 30 100 0 to Q.199 
Optimum amount of 0 100 1.69 vulcanizing agent 
Optimum amount of 15 100 4.4 vulcanizing agent 
Optimum amount of 30 100 3.9 vulcanizing agent 
TABLE 1.6 
Typical Bond Strengths from a Latex-Albumen Adhesive 
Bond 
No Type of Rubber Metal Other Conditions Strength 
MN m- 2 
• 1 Natural rubber, 60 IRHD containing 40 Steel Vulcanizing in press 4.5 
parts of gas black 
0 
2 Natura 1 rubber 42 IRHD Steel " " " 2.6 
3 Natura 1 rubber (asinl) Steel Vulcanized in open steam 2.4 
4 Natural rubber (as in 2) Steel Vulcanised in open steam 2.1 
5 BR rubber with 50 parts gas black Steel Vulcanized in open steam 4.7 
6 Chloroprene, gas black stock Steel Vulcanised in open steam Nil 
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a condensing agent, such as sulphuric acid, hydrochloric acid, . 
anhydrous aluminium chloride, acetic anhydride, etc(16). 
Another process carried outcyclisation of the rubber while 
still in latex form. The latex was creamed by the addition of a 
weak organic acid, after which a strong acid, or acid-producing 
ingredient was added. The mixture was heated gently at first to 
remove volatile matter and finally baked at l500C until the resin 
formed(17). 
Instead of using bonding cement it was suggested that the 
sulphonated derivatives could be formed in situ by treating the sur-
face of the rubber with concentrated sulphuric acid, or a saturated 
solution of chromium trioxide in sulphuric acid, and then vulcanizing 
the treated surface in contact with the metal to which it was to be 
bonded(18). 
Like ebonite and latex/albumen, thermoprene is a thermoplastic 
bonding agent and it tends to lose its strength between 600 and 900C. 
Several ways have been tried by scientists to produce a less thermo-
plastic cyclised rubber. One method called for the partial replace-
ment of the rubber used with polychloroprene; by this means a bond 
was obtained which did not fail even at 1100C(19). Another patent 
specified the addition of 10 to 30% of various ingredients included 
among which were lead linoleate, palmitate; stearate and benzoate; 
oleates of mercury, aluminium and sodium; linoleate of magnesium and 
cobalt casein; wood-flour, asbestos and so on(20). These ingredients 
were designed to raise the softening point of the bonding derivatives 
so that vulcanized,units could be removed from the mould without coo-
ling. 
It was ·claimed that bonding of either vulcanised or unvulcanized 
rubber-to-metal could be accomplished by using cyclised rubber, with 
best results being obtained on unvulcanized or only semi-vulcanized 
compounds. 
Bram claimed that a bond strength up to 5.6 MN m- 2 could be 
obtained by using cyclised rubber containing high proportions of 
carbon black(21). The quantities of rubber and of channel black had 
to be in excess of the other ingredients used in the formulation. 
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Habgood(22) has pointed out that the concentration of cyclised 
rubber in the cement has a big effect on bond strength as now shown: 
TABLE 1.7 
Effect of Cyclised Rubber Content on Bond Strength 
(Total solid content) 3% 5% 10% 12% 15% 
Bond strength MN m- 2 2.32 2.76 3.4 2.11 1. 76 
Later it was noticed that even the concentration of stearic acid in -
the mix might give a significant change in the bond strength. 
TABLE 1.8 
Stearic Acid Effects on Bond Strength 
Stearic acid in the mix 1% 3% 5% 10% 
Bond strength MN m- 2 3.44 1.23 1.02 0.88 
These sulphonated rubber adhesives (thermoprenes) are considered to be 
resistant against water and further are fairly inert chemically. They 
have an immunity against most acids except the strong oxidizing types 
and they are not affected appreciably by normal oxidation, Figure 1.1. 
Faberov and Corina checked the effect of increasing temperature 
up to 1100C on the ultimate bond strengths of units made by the brass-
plating, ebonite, latex/albumen and thermoprene techniques. 
Their findings are shown graphically in Figure 1.2 ... ;.,cn.l:·~"t +lot 
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1.2.2 Halogenated Rubber Derivatives as Bonding Agents 
A. Chlorinated Rubber 
The first effort to produce chlorinated rubber was made in 
1801 by Roxburgh, who passed chlorine into a solution of rubber in 
carbon disulphide and obtained in all probability the addition pro-
ducts of sulphur chloride with rubber, plus chlorinated rubber. 
Two other processes for the preparation of chlorinated rubber were 
described by Engelhard and Day in 1859(23), in which a number of 
products were obtained ranging from a flexible limp material to a 
hard white compound. It was not until 1915, however, that chlorina-
ted rubber beaame a material of some industrial importance. The major 
consumption for chlorinated rubber was and still is, the paint industry, 
where it has been used for sometime as the basis for the manufacture of 
anti-corrosive preparations, but it also has good rubber-to-metal 
bonding properties. 
In its early preparation, the highly viscous solutions of chlo-
rinated rubber, as made by earlier scientists, were unsuitable until 
it was found that intensive mastication of the rubber before chlorina-
tion(24), or addition of oxidising(25) or depolymerizing agents(26) led 
to a much less viscous product which could be used for paint reproduc-
tion. 
Normally the chlorination process is carried out with the rubber 
in solution to which chlorine is added and reacts with the double bonds 
until complete saturation takes place. During this substitution reac-
tion the evolution of hydrochloric acid gas occurs as a by-product 
which must be removed by washing before the chlorinated product can 
be used. The final amount of chlorine present is about 66 to 68% and 
the yield consists of a mixture of n(CSH6C1 4) and n(C6H7C1 8), which 
are marketed under various commercial names such as Alloprene, Tornesit, 
Detel, Tagofan, Parlon, Pergut, in the form of a fibrous or amorphous 
powder. 
Chlorinated rubber can be used to bond most rubbers to metal, 
wood and rigid surfaces. Cleanliness of the rubber and the metal sur-
faces is extremely important for good adhesion. The type of metal 
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cleaning (physical or chemical) depends mostly on the identity of 
the metal used, as shown in Table 1.9. The formulation of the chlori-
nated rubber bonding agent solution differs according to the type of 
rubber to be used. For example in older technology it is recommen-
ded(27) that three coats of the mix given in Table 1.10 should be 
used with chloroprene rubber, whilst for bonding butadiene acryloni-
trile copolymer to metal, it was suggested(28) that two to four coats 
of the mix in Table 1.11 have to be used. These older multiple coa-
ting processes are now not necessary due to formulation improvement 
(see later). Chlorinated rubber can also be employed for bonding the 
more oil resisting types of butadiene acrylonitrile copolymer to 
various metals and in this case three cements have to be used, two 
of them being made from chlorinated rubber, namely cements A .and 8 
of Table 1.12, part one, and the third cement C from a blend of two 
parts.of nitrile rubber cement to one part of chlorinated rubber 
cement(29). The composition of these cements is shown on Table 1.12. 
The bond strength obtained between chloroprene and steel by means 
of chlorinated rubber is reported to be high. In tension typical 
bond break results were found to be (1) 6.S MN m- 2 on sand blasted 
metal parts: (2) 6.0 MN m- 2 on smooth metal parts. The chlorinated 
rubber bond, by virtue of the great chemical inertness of the main 
constituent, is resistant to both weak and strong acids and alkalis. 
It does not deteriorate under salt-spray treatment and in this respect 
is to be preferred to the brass interlayer type. It ages well, is non-
inflammable and does not absorb water to an appreciable extent. The 
bonding layer does not dissolve in alcohols, aliphatic hydrocarbons 
or mineral oils but is soluble in esters, ketones, aromatic hydro-
carbons, animal and vegetable oils. The chlorinated rubber melts at 
13SoC to ISOoC and bonds can be considered as stable and non-thermo-
plastiC up to approximately 1400 C. The degree of flexibility obtained 
with an elongation of 3 to 4% is not great, but is sufficient for the 
purpose of bonding a highly resilient material such as rubber to non-
yielding surfaces such as metal, wood, etc. 
Chlorinated rubber is not used very widely now as a direct bonding 
agent but more as an essential constituent of proprietary bonding cements. 
/. 
,~ 
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TABLE 1.9 
Metal Cleaning Methods for use with Halogenated Rubber Derivatives 
* 
+ 
Metal 
Cast iron 
Steel (carbon 
and alloy) 
Stainless 
steel 
Aluminium 
Magnesium 
Copper 
Bronze 
Brass 
Lead 
Cadmium Plate 
Zinc, Galva-
nising 
Vapour, Grit, 
Shot, Sand 
Blasting* 
Yes 
. Yes 
Yes 
Yes 
No 
Yes 
Yes 
No 
No 
No 
Degrease first 
Water rinse thoroughly 
Alkali 
Cleaning+ 
Yes 
Yes 
Yes 
Mild, inhibi-
ted 
Yes 
Acid 
Cl eani ng+ 
No 
Yes 
Hot H SO or HCl follo~ b~ HN03-'HF 
5%Hl04 NHi HF 
for casting 
Follow by acid Chromic acid and 
treatment Dichromate 
Mild inhibited 
Follow by acid. 
treatment 
" 
" 
Not necessary 
" 
5% blend - H2S04 
HC1.H3P04 
" 
, 
5% H2S04 with 
fl uro-bori de 
Phosphoric Acid 
" 
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TABLE 1. 10 
Recommended chlorinated rubber bonding agent formulation to be 
used with chloroprene rubber 
. Ingredients used Amount Parts by weight 
Ch 1 ori na ted rubber 100.00 
Read lead 37.00 
Xylene 233.00 
TABLE 1. 11 
Recommended chlorinated rubber bonding agent formulation to be 
used with SBR rubber 
Ingredients used Amount Parts by weight 
Chlorinated rubber 100.00 
Dibutyl phthalate 45.00 
Toluene 235.00 
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TABLE 1.12 
Reconrnended chlorinated rubber bonding .agent fonnu1ation for oil 
resisting types of SBR 
(This table shows the two part cement in which part one = A+B. and 
part two = I + 11 + IiI where accelerator of mix 11 migrates by 
diffusion into mix I of part two). 
PART ONE 
A B 
Chlorinated rubber ... 100 pbw Chlorinated rubber ... 
Chromic oxide 28 " Iron· oXide ........ . .......... 
Zinc oxide ........... 112 
Red lead 224 " ............. 
PART TWO (C) 
I 11 
*Hycar OR.15 ......... 100 pbw Hycar OR.15 . ......... 
Zinc oxide 5 " Zinc oxide .......... . .......... 
*PAN 5 " PAN ................. . ................. 
Crude 1 auri c acid ... 1 .5" Crude 1 au ri c acid . .. 
Su 1 phur 4 " M.B.T . . . . . . . . . . . . . . . .............. 
Soft coal tar 10 " Soft coal tar ....... . ....... 
Channel black 50 " Channel black ....... . ....... 
(I) used as 20% solu- (11) used as 20% solu-
tion with ethylene tion with ethylene 
chloride chloride 
III 
Chlorinated rubber ........... 100.0 
Benzene ...................... 890.0 
1,2,3,4, tetrahydronaphtha-
1 i ne (tetra1ine) .... 10.0 
* Hycar OR.15 trade name of Goodrich Chem for NBR 
* P~N (alcohol a1pha-naphthe1amine) of Vanderbi1t 
100 pbw 
75 " 
100.0 
5.0 
5.0 
1.5 
4.0 
10.0 
50.0 
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B) Rubber Hydrohalides 
Halogen acids react very readily with rubber to form rubber 
hydrohalides. When hydrogen chloride. for example. is passed into 
a solution of rubber in benzene at room temperature. a rubber hydro-
chloride is produced which can be precipitated out of solution by the 
addition of alcohols. or which may be separated and purified by steam 
distillation. It has been proved(30) that better adhesion could be 
obtained by introducing a film of pure rubber hydrochloride between 
the rubber and the metal than moulding the rubber directly to the 
steel and hence rubber hydrohalides can be used as bonding agents. 
As with the chlorinated rubber a rubber hydrohalide cement has its 
own special composition as shown on Table 1.13. 
It was also claimed that rubber hydrochloride compositions were 
not thermoplastic; that they could be used to bond vulcanized rubber. 
as well as unvulcanized. to metal. and the same procedure could be 
used to bond other elastomers such as chloroprene and polymethylene-
sulphide copolymers to iron. steel, copper, brass, aluminium, porce-
lain, glass, wood, paper etc. With natural rubber it was stated that 
best results were obtained with stocks containing reclaimed rubber. 
In use stirring the cement solution before being transferred from 
one container to another and before being applied to metal surfaces 
was claimed to be important. This is necessary because some of the 
heavier ingredients such as zinc oxide and sulphur tend to settle 
down in solution, especially if left standing for any length of time. 
'The solvent used for dilution purposes must not evaporate too 
rapidly, otherwise condensation of moisture from the atmosphere may 
result on the bonded part. When two coats are applied, care must be 
taken to see that the first one is thoroughly dried before the second 
is superimposed to prevent interlayer solvent trapping. Figure (1.4) 
sho~IS the effect of continued dilution of the solution on coating 
thickness and on adhesion. After cementing, it is essential that the 
covering rubber should be applied and the unit vulcanized quickly. 
If the relative humidity is rather high 
dry cemented parts for about 10 minutes 
traces of condensate. 
it might be advisable to force-
a.bout 
atL{O~C in order to remove all 
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TABLE 1. 13 
Typical Cement Composition of Rubber Hydrohalides Bonding Agent 
Rubber hydrochloride (30% 100.00 parts by weight chlorine content) 
Sulphur 20 to 80 " 
Butyraldehyde-aniline 2 to 10 " 
Dibutyl phthalate 25 to 100 " 
Magnesium oxide o to 20 " 
Lead oxide o to 20 " 
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For a bonded unit to meet all the required conditions such as 
varying temperature, humidity, waiting times and curing temperatures, 
is considered to be very difficult because of the different types of 
e1astomers and metals being used. However, the advances in bonding 
cement techniques have considerably eased the problem, for example, 
of adhering rubbers which have been designed to meet specific service 
conditions, but which have not themselves been specially designed for 
bonding. This has been made possible by replacing the usual single 
layer adhesive, which must be compatible with both rubber and metal, 
with a universal two-coat adhesive system in which one coat is com-
patible with the rubber phase while the second shows high affinity 
towards metals. 
It was suggested(10) that time and temperature of cure have 
little effect usually on bond strength, provided that a good tech-
nical cure is given to the rubber component as shown on Figure (1.5). 
Vulcanization should not be carried out, however, at temperatures in 
excess of 1900C due to HCI evolution from the halogenated bonding 
agents. Bonding agents are essentially unaffected by curing conditions 
within quite wide limits. Vulcanization can be carried out without 
difficulty in moulds under pressure, in open steam or in hot air, and 
units can be removed from the mould while still hot and may be stored 
for unlimited periods without appreciable reduction in bond strength 
as shown in Figure (1.6). 
The hydroha1ide cement is considered as a permanent non-thermoplas-
tic one which does not weaken appreciably on prolonged ageing, although 
the bond produced shows a fall-off in strength as the temperature 
rises, with a corresponding increase as the temperature falls, as shown 
in Table (1.14). Under dynamic conditions it has been demonstrated by 
H H Irvin that such natural rubber test units last as long as corres-
ponding ones made using the brass-plating method, while butadiene-
styrene copolymer units last even 10nger(31). 
The rubber hydroha1ide bonding agent film is resistant to the action 
of various chemicals and as a bonding medium can withstand the attack of 
most acids, caustic soda, lime, solution and brine. It has been observed, 
however, on one' test that 10% sulphuric acid destroyed a rubber hydro-
ha1ide bond in about three days immersion at room temperature. The 
bond is also very resistant to light and heavy oils and to alcohol, as 
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TABLE .1.14 
Effect of temperature on bond strength 
1500e 1100e 
Hydroha1ide 
Cement l.B7 2.6 
(e.g. Ty-p1y)* 
*Trade name of Marbon Corp. 
BOoe 500e 
3.14 5.14 
Bond Strength in MN m- 2 
21 0e oDe -30oe -50oe -60oe -70oe 
5.62 6.23 10.32 10.4 1B.4 31 
• 
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shown in Figure (1.7). 
Examples of bonding cements which are known to contain appreciable 
proportions of rubber hydrohalides are the Ty-Plys. 
1. Ty-Ply Q used for bonding natural rubber butadiene-styrene co-
polymer and butyl rubber to metals. 
2. Ty-Ply S is used with chloroprene. 
3. Ty-Ply BN bonds butadiene acrylonitrile to metals. 
4. Ty-Ply UP and RC, primer and cover cements in a two-coat adhesive 
system, bond natural rubber, butadiene-styrene copolymer, nitrile 
rubbers and chloroprenes to metals. For bonding chloroprene, 
however, Ty-Ply UP may be used quite satisfactorily without the 
RC over cement. 
5. Ty-Ply UP and BC are used for bonding butyl rubber qualities. 
C) ChlorinatedjHydrochlorinated Rubber 
In 1953 Lester A Brooks published a patent for a bonding compo-
sition which consisted essentially of a mixture, or mixtures, of 
chlorinated and hydrochlorinated natural rubber dissolved in organic 
solvents, where he stated a general procedure for the preparation of 
these adhesives. Vulcanization can be carried out in hot air, open 
steam or in a pressure but the temperature should not exceed 1770 C 
or dehydrochlorination takes place. Using a combination of available 
cements, the adhesion, of various types of rubber to metals, were 
determined. The following chlorinated,.hydrochlorinated rubber bonding 
system (Braze*) were employed, Table (1.15). 
1. IIBraze". 
2. "Braze" plus "Braze" cover cement for natural rubber and buta-
diene-styrene copolymer. 
* Trade name of Vanderbilt. 
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TABLE 1.15 
Bond strength between elastomers and metal using chlorinated/hydrochlorinated (Braze*) rubber as bonding agent 
* The number given refers to the 'Braze' bonding system quoted in the text. P=Poor, G=Good, F=Fair 
Metal and Preparation N.B.R. S.B.R. C. R. I.I.R. Bondlng -Bondl ng 130ndlng Adhesion tSOndlng System - __ Adhesion System Adhesion System System Adhesion 
Aluminium 35 2 G 2 G 3 G 4 G (anodised) 
Baked Iron 
(deg reased, 80 mesh 2 G 2 G 3 G 4 G 
grit blast) 
Brass 
(degreased, 
grit blast) 
80 mesh 5 G 5 G 6 G 7 G 
Bronze (90:10) 
(degreased, 80 mesh 1 P 1 P 1 P 4 P 
grit blast) 
Chromium Plate 2 G 2 G 1 G 4 P ( degr.eased) 
Copper (degreased, 1 P 1 P 1 G 4 P 80 mesh grit blast) . 
Lead (degreased, steel 1 F 1 P 1 F 4 G 
wool) 
Magnesium (chromate 
" G 2 F 3 G 4 G pickle) ,. 
Nickel Plate (degrease) 1 P 1 P 3 G 4 P 
Steel (degrease, 80 2 G 2 G 3 G 4 G mesh grit blast) 
Stainless steel, 80 mesh 2 G 2 G 3 G 4 G grit blast 
- .-
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3. "Braze" plus "Braze" cover cl!11ent for ch1oroprene. 
4. "Braze" plus "Braze" cover cement for butyl rl!bber. 
5. "Braze" cover cement for natural rubber and butadiene-styrene 
copo1lYffier. 
6. "Braze" cover cement for ch1oroprene. 
7. "Braze" cover cement for butyl rubber. 
The mixes in Table (1.16~have been tested for adhesion against 
steel and brass as shown in Table (1.16b). 
1.2.3 The Po1yisocyanates as Bonding Agents 
This type of bonding agent was first used in bonding rubber to 
metal by a research team at L G Farben Leverkusen, working under the 
direction of Dr Bayer. The compound used was p, p', plO, tri-isocyanate 
triphenylmethane and given the trade name of Desmodur R. That compound 
was discovered during the second world war and was given to a number 
of factories in Germany for evaluation and use and found·to be one 
of the most successful universal bonding agents ever discovered. 
The highly reactive isocyanates were discovered as a class by 
Hoffman and Wurtz towards the middle of the nineteenth century. The 
di- and tri-isocyanates have proved to be the most interesting from 
the aspect of rubber-to;neta1 bonding. The tri-isocyanate in most 
"'"-" \ Ot.. 'WI.\"I'\Oi 1'"\ l'>~'Y'I ~\ "W\ t. \-~ 
common use is prepared from h~ ... :.. by treating the latter 
with carbonyl chloride, when hydrogen chloride splits off. The general 
reaction proceeds thus: 
R.NH2 + COC1) -+ RNH.CO.C1 + HC1 (1. 1 ) 
RNH.CO.Cl -+ R.NCO + HC1 (1.2) 
These isocyanates are very reactive at the nitrogen-carbon double 
bond where, in addition, polymerization or condensation reactions 
can all occur: 
M 
M 
TABLE 1.16b 
Bond Strength of Natural Rubber, Styrene~Butadiene, Chloroprene and Butyl Rubber to Steel and Brass 
Mi xed u sed from Tab 1 e (1.1,0) 
"Braze" Bond to Steel Bond to Brass Rubber 
Bonding Qua 1 ity A.S.T.M. % Stock % Bond D429-68 1800 shear test System Adhesion Break Break 
2 A 12.03 MN m- 2 75 25 >20.8 x 10- 3 MN m-I 
2 B 10.3 " 100 0 >20.8 X 10- 3 " 
3 C 10.9 " 100 0 > " " 
4 D 7.6 " 85 15 > " " 
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TABLE 1.16a 
TYRical Mixes used for Adhesion with Metal using Chlorinated/ 
Hyaroch 1 ori na ted Rubber Bondi ng Agent 
A B C 
Na tu ra 1 ru bber 100 - -
Styrene-butadiene co- 100 polymer - -
Chloroprene rubber - - 100 
Butyl rubber - - -
1 Reogen 1 - -
2 Bondogen - 2 -
Stearic acid 3 - -
Zinc oxide 5 5 5 
3 Ageri te powder 1 - 2 
4 Agerite stalite - 1 -
M.P.C. black 50 50 -
5 Thennax MT carbon black - - 100 
6 P33 - - -
Sul phur 3 2 -
M.B.T. - - -
M.B.T.S. 1 1.5 1 
7 Cumate - 0.1 -
8 Methyl tuads - - -
9 Tell urac - . - -
Magnesia - - 4 
164 161.6 212 
D 
-
-
-
100 
-
-
1.5 
5 
-
-
40 
-
25 
2 
0.5 
-
-
1 
1 
-
176 
1. Reogen (softener), Vanderbilt trade name 
2. Bondogen (plasticlzer), King Industries Incorporation U.S.A. 
3. ·Agerite Powder (antioxidant) Vanderbilt trade name 
4. Agerite Stalite (antioxidant) Vanderbilt trade name 
5. Thennax M.T Carbon black 
6. P33 (carbon black) Thennatomic trade name 
7. Cumate (accelerator, copper diethyl dithiocarbamate) Vanderbilt trade naml 
8. t~ethyl tuads (accelerator, tetramethylthiunn di su 1 phi de) Vanderbi It Co. 
9. Tellurac (accelerator, Tell iurun dithyl dithiocarbamate) Vanderbilt trade 
name 
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l. With water 
R.NCO + H2O ... R.NH.COOH (1.3) 
R.NH.COOH + R.NCO ... R.NHCO.O.OCNHR (1.4 ) 
RNHCO.O.OCNHR ... RNHCONHR* + CO2 (1.5) 
RNHCOOH ... RNH2 + CO2 ( 1.6) 
RNH2 + RNCO .... R.NHCONHR* (1. 7) 
2. With acids 
RNCO + RCOOH .... RNHCOOCOR (1.8) 
RNHCOOCOR .... RNHCOR + CO2 (1. 9) 
2R'COOH + 2RNCO .... (RNH)2CO + (R'CO)20 + CO2 (1.10) 
3. By polymerization 
an isocyanurate 
(1.11) 
It was found that the best known isocyanates for bonding agents 
are the triisocyanates 
* Substituted urea 
----------
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H 
OCN-@- ! -@- NCO 
.. ~ . 
NCO (1.12) 
and the diisocyanates with the general structure 
OCN-R--NCO (1.13) 
USl-lQ 1\ ~ 
Tht~ are~crystalline solids at normal temfleratures and for 
bonding are applied as solutions, the former usually dissolves in 
methylene chloride and the latter in aromatic or chlorinated solvents. 
A mechanism of the polyisocyanate reaction as a bonding agent has 
been shown to exist by a work(32) which proved that the polyisocyanate 
reacts readily, through its functional group, simultaneously with the 
rubber and the metal via a bridging mechanism as shown below: 
RUbber\-- OCN -- R -- NCO ~ Metal 
Dr Bayer suggested that the isocyanate radical itself unites with the 
hydrated oxide layer on the surface of the metal. These are removed 
permitting the urea groups present in the reagent to form chemical or 
subsidiary valency bonds with the residual valencies of the metal. 
A) Triisocyanate triphenylmethane(33) 
Triisocyanate triphenylmethane is usually supplied as a 20% solu-
tion in methylene chloride. Unlike most other bonding agents, it is a 
comparatively pure chemical compound of definite composition and is 
obtainable in a consistent and reproducible form. It is a very reac-
tive material and must not be allowed to come into contact with water, 
alcohols or amines, otherwise its efficiency as a bonding agent is 
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destroyed, as shown by equations 1.3 - 1.7. The effect of humidity 
on bond strength which demonstrates the adverse effect of moisture 
on adhesion values is shown in Table 1.17. The effect of different 
chemicals (for different time durations) on the bond strength of the 
metal to rubber using triisocyanate triphenylmethane as bonding 
agent, is clearly illustrated in Figure 1.8. 
The bond strength of the triisocyanate triphenylmethane bonding 
agent has been compared at different temperatures with the bond 
strength obtained by using other bonding agents (brass and hydro-
halides rubber) at the same temperature. Results are shown clearly 
in Table (1.18). 
Factors which were considered to be of minor importance with 
other bonding agents, were also found to be very important in the 
case of the triisocyanate triphenylmethane based bonding agents: 
these factors are as follows: 
i) It was found that the surface treatment effect on bond strength 
was very important, as shown in Table (1.19). and that triiso-
cyanate triphenylmethane does not bond rubber to smooth metal 
parts as we 11 as to rough ones. 
ii) It is strongly recommended that the isocyanate coat should be 
covered over with a protective rubber solution of the treated 
parts are to be kept for sometime, say more than 8 hours, because 
the isocyanates tend to polymerise (as shown in equation 1.11), 
on standing and also there is a danger of contamination and decom-
position in the presence of atmospheric moisture (equation 1.13) 
as shown in Table (1.20) and Figures (1.9 and 1.10). 
Vulcanized isocyanate treated rubber-metal units can be removed . 
from the mould without cooling. The bond is not thermoplastic and 
when treated at temperatures as high as 1500 C, failure usually occurs 
in the rubber phase and not between rubber and metal. The duration and 
temperature of cure has no significant effect on bond strength, provi-
ded that the rubber has been given a good technical cure. 
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TABLE 1.17 
Effect of Humidity on Bonding Strength at Room Temperature Using 
Isocyanate Bonding Agent 
Relative Humidity % Bond Strength MN m- 2 
23 6.15 
40 5.63 
55 2.5 
70.7 3.2 
TABLE 1.18 
The Effect of Temperature on the Bond Strength obtained with Triiso-
cyanate Triphenylmethane 
* 
+ 
Temperature 
Bonding 
Agent -60 C llOoC % loss in 
bond strength 
-;). -;). Oesmodur R* 6.15MNm 3.6 MN m 
MN m-;t -';. Ty-Ply Q+ 5.6 2.7 MN m 
-;t _1-Brass 6.52 MN m 5 MN m 
Bonding agent (triisocyanate triphenylmethane). 
Bayer trade name. 
Bonding agent. (rubber hydrohalide base). 
Marbon Corp. trade ~ame. 
41.5% 
51.8% 
23.3% 
40 
TABLE 1. 19 
Effect of Metal Su~face Treatment and Type of Rubber Used on Bond 
Strength (MN m- 2 ) i"t\ ~. rV'C~&""ee o~ p..lJu.Ye.t-ko.", bOM<l,~ <>-a- t . 
~not Macnlne Smooth Acid-etched - Aci d-etched Rubber blasted furnished 
steel steel parts steel parts Type steel steel 
parts parts parts (15 minutes) (30 minutes) 
NR 6.05 2.73 2.35 5.34 5 
SBR 30.5 2.11 2.11 2.86 2.45 
CR 8.14 2.21 3.7 6.25 6.6 
TABLE 1.20 
Effect of Standing Time after Cementing with Isocyanate on Ultimate 
Bonding Strength (MN m- 2 ) 
Sand-blasted metal parts were used 
Rubber type 2 hrs 4 hrs 8 hrs 1 day 2 days 4 days 
Natural 4.5 5.4 5.69 3.24 2.76 1.83 
Butadiene- 2.6 2.9 2.76 1.84 1.77 0.75 styrene 
Ch1oroprene 8.04 7.6 7.16 7.57 1.62 0 
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The composition of the rubber .~ix'~: used in conjunction with 
a triisocyanate bonding agent appears to have a definite effect 
on the degree of adhesion developed. Strong basic accelerators such 
as O.P.G .• O.O.T.G and hexamethylene tetramine are not so effective 
for example as M.B.T. ZOC (zinc diethyldithiocarbamate) or T.M.T. 
(see Table 1.28). A moderately high sulphur content was found to be 
beneficial. 
Best anti-oxidants were found to be phenyl-u-naphthylamine 
(PAN). phenyl-·S-naphthylamine (PBN), and 2-mercaptobenzimidazole, 
while aldol-u-naphthylamine in powder or resin form was not so good. 
Softeners such as coal tar, pitch, wool fat, coumarone resin, pine 
tar and tricresyl phosphate have no bad effect provided that they 
are incorporated in moderate proportions. Stearic acid in reasonable 
amounts, acting as a dispersing agent, activator and softener, is 
beneficial. 
Most types of carbon blacks can be. used for reinforcement, as well 
as clays, silica fillers, whitings and zinc oxide. Typical test 
results obtained on natural rubber mixes (A) and (B) are shown in 
Table (1.21). 
Triisocyanates can be used to bond all the natural and synthetic 
types of rubber in common use, with the exception of silicone rubber. 
The effect of compounding on bond strength is possibly less 
obvious with synthetic rubber than with natural but, generally speaking, 
those accelerators, anti-oxidants and fillers which give good results 
with natural rubber are also satisfactory with butadiene-styrene and 
butadiene acrylonitrile copolymers. 
It was found that by using a mixture of isocyanate and chlorinated 
rubber solutions very good bonds have been obtained to smooth metal 
surfaces which had not been sandblasted or roughened in any way as 
shown in Table (1.22). 
Oiisocyanates such as diphenyl methane diisocyanate whilst less 
effective than triisocyanates are also widely used as they have lower 
cost, otherwise their technical response is similar. 
44 
TABLE 1.21 
The Effect of Fillers on Bond Strength 
Fi 11 er Mix Breaking load A.S. T.M. test 
0429-68 
None Base 3.45 MN m 
China clay A 4.7 
Winnofil (activated cal- A 5.8 cium carbonate) 
Whiting A 5.86/6.21 
High modulus carbon black B 8.83 
Semi-reinforcing carbon B 1.27 black 
Lamp black B 8.96/9.31 
High abrasion furnace black B 8.96 
Fine thermal black B 9.51 
Thermatomic black B 8.75 
Mix A and B are as follows: 
Mix Code 
Ingredients 
A B 
NR (smoked sheets) 100.0 100.0 
Zinc oxide 5.0 5.0 
Stearic acid 2.0 2.0 
Su 1 phur 2.5 3.0 
M.B.T. 0.5 0.85 
White fillers 60.0 
Carbon blacks 47.5 
TOTAL: 170.0 158.35 
TABLE l. 22 
Effect of Triisocyanate/Chlorinated Rubber Ratio· on the Bond Strength and Type of Failure 
20% lS% 
Metal Triisocyanate Chlorinated 11 A" /"S" = 1/1 "A"/"B" = 2/1 "A"/"B" = 1/2 
Rubber 
11 All "B" 
MN m- 2 MN m- 2 MN m- 2 MN m- 2 MN m- 2 
Copper B. Cu 0.2/0.3 LI 2.8/3 LI 1.3/1.7 L4+L5 2.8/3.2 Ll+L5 2.5/2.7 Ll+L4 
Steel V2A 4.3/7.3 LI 4.4/4.8 LI S.8/6 L4+LS S.S/5.S L4+LS 6.5/6.7 L4+L5 
Finished steel 3.9/4.3 LI 6.8/6.9 L5 S.6/S.7 L4+L5 6.l/6.1SL4+L5 7.1/7.2 L5 
Duraluminium 4.2/4.2 LI 3.6/S.8 L4 4.9/S.6 L4+LS 4.8/S.3 L4+LS 7.9/8.1 L5 
Ll = rupture between metal and cement 
L4 = rupture between soft rubber and cement 
LS = rupture in rubber 
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B) Diisocyanate diphenylmethane 
The basic material used in the production of this class of 
adhesive is p-p' diisocyanate diphenylmethane, which has the' 
*QY.,."u IQ: 
H· 
I 
. OCH ---@-- f ---@-- NCO Structure (1.03). 
H 
When diisocyanate bonding agents are used as solutions, it 
is noted that results obtained are rather inconsistent, especially 
when the times of storage of cemented parts vary. Essentially the 
. bonding technology of diisocyanates is the same as that of triiso-
cyanates and that lower adhesion levels are obtained with the former. 
The effect of blending proportions of this bonding cement with a 
chloroprene solution was found to give a progressive improvement in 
adhesive strength after storage as the proportion of chloroprene 
solution was increased up to a maximum of 50%. 
J M Buist and W J S Naunten(35) found that a solution of the 
following composition gave a good and consistent bond: 
TABLE 1.23 
Chlorinated rubber 
Ethylene dichloride 
Diisocyanate 
50 parts by weight 
150 
100 
1.2.4 Proprietary Chemical Bonding Agents 
The ambition of the rubber industry and rubber scientists for a 
more consistent reliable and easy to use adhesive was the reason for 
the invention of these types of bonding agents. The composition of 
such bonding agents has been kept secret because of market competition 
though they are believed to consist of mixtures of different ingredients 
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such as epoxy resins, oxidized olefines, chlorinated and sulphonated 
rubbers and other ingredients to all of which are normally dissolved 
in solvent. 
Some examples of these types of bonding agents are as listed, 
according to their commercial names: 
A. 'Chem10k", rubbe,r.,.to-meta1 adhesives(36), (see Table 1.24). 
B. 'Megum,(37). (see Table 1.24). 
C. 'Thixon' bond agents(38). Types and grades for specific rubber 
are shown in Table (1.24). 
As might be expected, the preparation procedures and methods 
of applying the cements are very similar and will be dealt with in 
general. 
a) In metal preparation for bulk production it is generally agreed 
that the best results are obtained by grit or shot blasting to 
get rid of rust, scale and surface impurities, followed by 
either vapour degreasing or'degreasing using an aqueous alkaline 
solution followed by acid pickling to remove oil and grease. 
b) In application all cements should be well stirred prior to use 
to suspend the inorganic salts that are present as adhesion addi-
tives. 'All cements may be applied by brushing, dipping, spraying, 
or rolling. The degree of dilution varies with the different adhe-
sives. Most bonding cements are applied at room temperature, and 
the coated metal must then be raised to a temperature of 65-770 
to dry the bonding agent film. Viscosity is maintained between 
narrow 1 imits. 
c) Cemented metal parts. Usually cements dry to give a non-tacky 
film which enables the parts to be handled, batched together and 
stored without undue difficulty. Cemented parts can be kept for 
days without appreciable deterioration, although with this type 
of storage it is necesary and advisable ,to cover the bonding film 
with a coat of an appropriate rubber cement and to ensure that 
storage is not carried out under humid conditions. 
TABLE 1.24 
Bonding different types of rubbers using Chem1ok, Megum and Thixon bonding agents 
Type of Ru bber Chem10k Grade Megum Grade Thixon Grade 
Natural Rubber 220 500 OSN-1/66 
Nitri 1 e Rubber 205 100 AM-2/66 
Butadiene-Styrene 220 3270 D-1695/66 Rubber 
Butadiene Rubber 220 100 OSN-1/66 
Butyl Rubber 220 500 AP1435 
Po1ych1oroprene 217 3259R OSN-1/66 Rubber 
F1oro-E1astomers 607 - XAV 273/66 
EPDM Rubber - 500 AP-1559/66 
Si1 icone Rubber 607 - AN-75 
Po 1 yu rethane Ru bber 218 2061/5 AB-1153/66 
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d) Curing. Where it is considered necessary, most cemented metal 
parts can be pre-baked to toughen the bonding film, either by 
a separate hot air treatment or by warming in the mould prior 
to applying the rubber and pressure. Over-curing within reason-
able limits does not cause bond deterioration. All agents under 
consideration are considered non-thermoplastic at normal vulcani-
zation temperatures, so that units can be removed from hot moulds 
without fear of bond separation. 
Many of the systems are of the two-coat type which have an 
advantage in that the adhesion of the primer coat is made specific 
to the metal, while the cover cement can be designed to give compati-
bility and adhesion to specific rubber types. 
The mechanism of bonding is considered more complex for proprie-
tary two-coat bonding agents. A basic principle is the bridging of 
the gap between a polar metal surface and the non-polar elastomeric 
surface. Much consideration has also been given to the surface wetting 
contact angle in which the polarity of a polymer can be assessed by 
measuring its contact angle with water. Best adhesion values are found 
when the polymer gives contact angles of less than 25 to 35 degrees(39). 
In order to provide a gradual change in this difference.of polar-
ities, the bonding agents are normally applied as two coats. A more 
polar coat, known as the primer, is applied on to the metal surface. 
This is followed then by a less polar cover coat. It is important 
that a sort of cross-bridging process happens between the cover coat 
and the elastomer. One of the ways in which this can be achieved is 
by the formation of sulphur linkages from the cover coat that contains 
free sulphur, dissolved in a solvent, and this helps to form chemical 
linkages with the rubber. The solvent, on the other hand, solvates the 
primer and a matrix of·undistinguishable interface is formed. The 
primer will probably contain very reactive agents which form a high 
modulus boundary between metal and rubber. The mechanism can therefore 
be divided into the following steps, as proposed by Sexsmith(40) and as 
shown in the following figure, (1.11) .. 
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FIGURE 1.11 
Concept of Proprietary Rubber-Metal Bonding Mechanism 
Interface (3) 
Adsorption 
and/or 
interdiffusion 
(2) 
E1astomer 
Internal Vulcanization 
Cover Coat 
Internal Vulcanization 
Primer 
Metal 
(6) 
Cross-Bridging (5) 
(4 ) 
Adsorption (1) 
Sequential steps believed to occur in proprietary rubber-metal 
bonding: 
1. Adsorption of the primer on to the surface of the metal. 
2. Adsorption and interdiffusion of polymers in cover coat and 
primer. 
3. Interdiffusion of compounding ingredients between e1astomer and 
cover coats. 
4. Internal vu1canizatien of the cover coat. 
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5. Cross-bridging between the cover coat and the elastomer. 
6. Vulcanization of the elastomer. 
1.2.5 Direct Bonding Agents 
A.· Resorcinol/HMT/silica bonding agent:- this type of integral 
was 
or direct bonding agent was first introduced as a replacement 
for the resorcinol-fonnaldehyde latex dipping process (which was 
used for cord and textile pre-treatment before bonding to rubber 
and which has the following disadvantages over the resorcinol/HMT/ 
silica bonding agent(41): 
i) cord, fabric or wire are nonnally cut after treatment 
leaving untreated ends with poor adhesion. 
ii) non-unifonn wetting may leave areas of low adhesion. 
iii) the use of a dip or cement creates an additional interface 
with increased probability of failure. 
iv) dips and cements require extra steps in production, resul-
ting in added costs. 
v) high capital investment is needed for dipping and drying 
equipment. 
A study of the reaction of resorcinol and hexamethylene tetramine 
reported(42) where I.R. and U.V. techniques were employed to detect 
the fonnation of a complex resotropin as shown in Figure (1.12). 
Since the resorcinol/H~1T/silica system has been shown(43) to provide 
good adhesion to nylon, modified polyester and glass, it was expected 
that it should also provide adhesion to steel therefore further work 
has been done to study the effect of this system on the adhesion of 
rubber-to-brass plated steel wire as shown in Table (1.25). 
The data shows that the elevated temperature adhesion obtained 
using the resorcinol/HMT/silica bonding compound to brass-plated steel 
wire is 50% better after ,a:"ing than the aged value of the urn,n0dified 
room temperature adhesion of the control compound. It has also been 
shown on Table (1.25) that this adhesion does not depend strongly on 
the composition of the brass plate. 
OH 
+ • 
OH 
L,~O:H~ __ ~~ ______ ------/ 
Resorcinol + H.M.T. • 
Resotropin 
FIGURE 1.12 Shows the reaction equation of hexamethy1ene tetramine and resorcina1 
<.n 
N 
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TABLE 1.25 
Effect of HRH System on Metal Adhesion 
Compound A B C 
Natura 1 rubber 100 100 100 
FEF black 40 40 25 
Hi-Sil 233 (precipitated 
- - 15 si 1 ica) 
Zinc oxide 3 3 3 
Stearic acid 2 2 2 
Highly aromatic oil 6 6 6 
PBN 1 1 1 
Sulfenamide accelerator 1 1 1 
Sul phur 2.5 2.5 2.5 
Resorcinol - 2.5 2.5 
HMT - 1.6 1.6 
Brass plated (70 Cu/30 Zn) (1) 
Original adhesion 
Room temperature (newton)(2) 468 625 949 
Adhesion at 121 0C after age-
ing 48 hrs at 1000C (newton) 306 418 688 
Bare steel (1) 
Original adhesion at room 
temperature (newton) 184 211 315 
Adhesion at 121 0C after 
ageing 48 hrs at 1000C 67 76 103 
(newton) 
(1) 5 x 7 x 3 x 1 (0.0059") 
(2) All adhesion tests ASTM D2229-63T (2" pull out) 
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The adhesion of the resorcin,ol /HMT/silica system containing 
compound to bare steel cord showed an advantage over the control 
compound, but this was not as great as with the brass-plated wire. 
B. Triazine Bonding Agent (Vulcabond SW) 
This type of direct bonding agent was introduced to the market 
as a competitor for the resorcinol/HMT/silica bonding agent. Tria-
zine bonding agents were claimed to have the following advantages 
over the resorcinol/HMT/silica bonding agent(44): 
1. It is free from objectional fuming at high temperature mixing. 
2. It does not bloom in unvulcanized stocks, so obviating problems 
due to impairment of tack during building of tyres or similar 
processes. 
3. It does not reduce scorch safety and in most cases improves it. 
4. It is not activated by accidental excessive heat treatment during 
processing and can be added at any convenient point in the mixing 
cycle. 
5. It does not involve the use of silica and thus the change of 
moisture absorption (known to affect the bond to wire adversely) 
is reduced. 
6. It gives at least equal bond strength, and with appropriate com-
pounding, does not affect the performance of the rubber in other 
respects. 
7. It does not produce additional hardness in the final vulcanizate 
in the way that resorcinol/HMT/silica systems do. 
The formula of the triazine bonding agent was listed(45) as 
follows: 
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where Y is a chlorine atom or a hydroxy, amino, or mercapto 
group in which the hydroxyl atom may optionally be substituted 
by an alkyl group containing from 1 to 2 carbon atoms, a cyclo-
alkyl group, an alkenyl group containing from 3 to 12 carbon 
atoms, a phenyl group optionally substituted by chlorine or 
Cl - C4 alkyl or Cl - C4 alkoxy or in the case where Y represents 
a substituted amino group the substituent may take the form of a 
divalent saturated radical forming a five or six-membered ring with 
the nitrogen atom, and Z which may be the same as Y or different 
from Y, has any of the meanings stated for Y other than chlorine, 
bringing the vulcanizable rubber composition into contact with the 
copper or alloy thereof, and heating the composite article to vulca-
nize the rubber. 
An experiment has been performed where rubber with different 
triazine bonding agent compositions has been tested against a rubber 
without bonding agent(45). The formulation of the rubber mix as well 
as the test results are shown in Table (1.26a). 
The recommended optimum concentration of Vulcanbond SW in the 
mix is 2 phr where a good bond was obtained. 
showing the effect of silica on Vulcanbond SW 
Comparison of results 
as well as the diff-
erence between SW bonding agent and resorcinol/HMT/silica are shown 
in Table (1.26b). 
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TABLE 1.26a 
Comparison of Bonding Using Vulcabond SW and Resorcinol/HMT/Silica 
Bonding Agents 
Compound A B C 
Smoked sheets (N.R) 100 100 100 
Zinc oxide 10 10 10 
Stearic acid 3 3 3 
N330 HAF carbon black 57 45 57 
Process oil (Outrex R) 4 4 4 
DCBS 0.5 0.5 0.5 
Nonox BL 1 1 1 
Sul phur 4 4 4 
Silica (Ultrasil VN3) - 15 15 
Vu 1 cabond SW 2 - 2 
Resorcinol - 2.5 -
Hexamethylene tetrami ne - 1.5 -
Adhesion to brass-coated steel 
wi re ( K~.'F').:'"""") 
Cured 30 minutes/1500 C 57.5 55.7 56.6 
Cured 30 minutes/180oC 51.3 46 47.7 
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TABLE 1.26b 
Continuation of Table (1.26a) 
Vulcanizate Properties A B C (cured 30 minutes/1500 C) 
-~ 
Tensile strength (MN m) 
unaged 24 23.5 23 
aged 3 days/100OC 10.3 10.8 9.3 
Elongation at break (X) 
unaged 330 365 350 
aged 3 days/100oC 140 170 150 
Hardness (I.R.H.D) 
-. 
79 77 78 
Tear Stren9th (MN m) 0.24 0.25 0.25 
Compression set 
24 hrs/25X/1000C (X) 67 77 78 
De Mattia Flex 
(kilocycles to large cracks) 115 85 115 
Goodrich heat build-up 
(Room temperature 20.5 Kg 
load 0.25 in stroke, 
1430 rev /min) 
Temperature rise oc 
after 1 hour 45 52 * 
after 2 hours 52 62 * 
* Blowout after 36 minutes 
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1.2.6 Brass Plating as a Means of Bonding 
The superiority and advantages of brass plating as a bonding 
agent for rubber to metal have already been explained in the previous 
sections. In the present section techniques of brass plating for 
adhesion purposes will be discussed. 
A solution that can be used for producing a brass deposit 
suitable for bonding to rubber must have properties and capabilities 
not possessed, necessarily, by solutions employed for producing deco-
rative and protective finishes. The deposit must be uniform in com-
position and physical structure and it must be reproducible. The 
solution moreover should be stable in operation so as to reduce to 
a minimum the amount of control that has to be exercised over it and 
should be capable of producing a satisfactory brass over a compara-
tively wide range of conditions. In other words the solution should 
be easy to handle. From the" economic and productive angles it should 
deposit rapidly and at a low unit cost. 
In production a brass deposit is obtained by plating zinc and 
copper simultaneously from a solution of the salts of these two 
metal s. 
When two metallic ions are present in solution the more electro-
positive will be deposited first of all and unless the two ions have 
approximately the same potential they will not deposit together to 
form"an alloy. Because of the dissimilarity in their single potentials, 
copper and zinc cannot be deposited simultaneously from a solution of 
their simple salts, such as copper and zinc ?ulphates or chlorides. 
The potentials of copper and zinc are + 0.34 volts and - 0.76 volts 
respectively(46). " By reducing the concentration of copper ions in 
solution it is possible to make the copper less electropositive and 
by continuing the process to reach a stage, ultimately, where the 
copper and zinc would deposit simultaneously from solution of their 
simple salts. The concentration of copper ions left in solution after 
continued dilution combined with the decrease in conductivity would be 
so small as to render this method impracticable. Uhen simple copper and 
zinc salts are combined with other salts so as to form a complex radi-
cal, it is possible to prepare solutions of copper and zinc in which 
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the single potentials of the two metals are equal and in which the 
electrical conductivity is adequate for electrodeposition. Complex 
salts formed by dissolving copper and zinc simple salts in sodium or 
potassium cyanide are probably the most effective for this purpose. 
With sodium cyanide, for example, complexes of the following types 
are formed: Na2Cu (CN)3 ionising to give Na+ and Cu (CN); , and 
Na2Zn (CN)4 ionising to give Na+ and Zn (CN);. As·the copper complex 
so formed is more stable than the zinc and less liable to decompose 
in solution, addition of sodium cyanide gives the same effect as redu-
cing the copper ion concentration by dilution, and therefore tends 
to equalise the single potential of the two metals. Under these con-
ditions copper and zinc can be deposited together to form a brass 
alloy. In practice, brass-plating baths are almost invariably prep-
ared by dissolving salts of copper and zinc in cyanides of sodium or 
potassium. 
Goron and Hillier(47) have published a table giving the practical 
working ranges of the main variables when electro-plating brass for 
bonding purposes. It will be observed that most of the solution given 
in Table (1.27) can be used for depositing bonding brasses. 
A. Effect of Current Density on Plating 
The cathodic current density controls to a large extent the 
amount of brass which is deposited, as well as, to a more limited extent, 
its composition. The effect of brass-plating thickness on rubber bon-
ding is shown later in this thesis where the porosity of low brass 
thickness plays a part in decreasing bond strength. Ferguson and 
Sturdevant(48) found that with increasing current density the percen-
tage of copper in the deposit layer decreased, while the cathodic 
polarisation increased. Clarke, Bradshaw and Longhurst also found 
that stepping up the current density from 2 to 15 amps/sq ft, reduced 
the cathodic efficiency but that the copper content of the plated layer 
was raised slightly at the same time. At higher current densities a 
dull brass was produced which sometimes showed burnt working along the 
edges, although operating the solution at a higher temperature was 
found to combat this tendency to a certain extent. Allowing cathodic 
current density combined with low free cyanide in the plating solu-
tion tends to give deposits which blister and peel readily. 
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TABLE 1. 27 
The practical working ranges of the.main variables involved when electro-
plating brass for bonding purposes 
Variable Lower Limits Upper Limits 
Copper Cyanide lB gm/l itre 30 gm/litre 
Zinc Cyanide 6 gm/l itre 20 gm/l itre 
Total Cyanidel 62 gm/litre BO gm/l itre 
Sodium Carbonate None 30 gm/l itre 
Anodes Copper 70 Copper BO Zinc 30 Zinc 20 
Temperature 240 C 490C 
pH2 9 12 
Cathodic Current 2.5 amps/sq ft 10 amps/sq ft Density 
1. Estimated by the distillation method 
2. Measured electrometrically 
TABLE 1 2B The effect of temperature oh % brass deposit . 
Temperature of Solution % Copper in Brass Deposit 
200C 59.5 
250C 62.5 
300C 67.2 
350C 71. 5 
3BoC 73.2 
400C .74.4 
450C BO.5 
500C B4.5 
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B. Effect of Temperature on Plating 
Since the temperature of the plating solution was found to have 
a marked effect on the composition of the deposit, it has been investi-
gated by several scientists. Rise in temperature increases to some 
extent the agitation of the solution by the development of convection 
currents and by increasing the mobility of the ions it decreases 
polarisation. The effect of this on cathodic efficiency was noted by 
Clark, Bradshaw and Longhurst. The efficiency of the solution studied 
by them was found to be 50% at 150C but was increased to 75% by rai-
sing the temperature to 400 C. The effect on the deposit of raising 
temperature is to increase the copper proportion. It should be noted, 
however, that rise in temperature may drive out some of the essential 
ammonia present in solution and this may upset the state of equilibrium. 
Table (1.28) and Figure (1.13) show the increase in copper content of 
deposits with increase in temperature of the depositing solutions. 
C. Effect of Metallic Salt Concentration on Plating 
It would be expected that the concentration of metallic salts 
in a plating solution would have a decided bearing on the composition 
and nature of the alloy produced fro~ it. Dilution was found to 
affect the composition of the deposit only to a small extent. For 
example, Ferguson and Sturdevant added an equal volume of water to 
a plating solution and discovered that only a small variation occurred 
in the percentage of copper obtained in the brass deposit; it fell 
from 93.5 to 86.6%. 
The concentration of 'free' cynanide in any plating solution is 
a potent factor in the production of brass-bonding deposits. The func-
tion of cyanide-present as the sodium or potassium salt - is to level 
off the -deposition potentials of the copper and zinc, to keep the 
component salts in solution and to help carry the current. When too 
little uncombined cyanide is present, there is a tendency for metallic 
constituents to precipitate from solution, e.g. as zinc ferrocyanide, 
the resistance of the solution increases, the anodes corrode slowly 
and film cover, the deposit may blister. When the free cyanide is too 
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high the deposit 'burns' and excessive gas evolution takes place on 
the cathode which, again, may cause blistering and poor adhesion 
between the deposited brass and the base metal. Stepping up the free 
cyanide content of a solution from 0 to 8 grams/litre resulted in a 
steady fall-off in the cathodic and an increase in the anodic effi-
ciency, accompanied by a slight increase in the amount of copper in 
the deposit. In actual practice 'free' cyanide content of 2~ to 
10 gram/litre has been found to give satisfactory results. 
D. Hydrogen Ion Concentration Effect on Plating 
The degree of alkalinity of the plating solution controls to a 
marked extent the composition of the brass deposited. When the pH 
is high (i.e. the solution is more alkaline) the percentage of the 
copper in the brass falls, whereas with a less alkaline solution the 
percentage rises. When a well buffered solution is employed, however, 
it is possible to make a brass plating bath function quite satisfacto-
rily without actually knowing its pH value. This has been done over a 
period of years by the addition of ammonia in appropriate amounts 
coupled with close analytical control of the deposit before and after 
its addition. The actual addition of ammonia to a buffered solution, 
which is already alkaline, may not affect its pH to an appreciable 
extent. It may be that the zinc forms a more ionisable complex with 
the ammonia than it does with the cyanide and that it deposits more 
readily under the ruling conditions. It has been pointed out by 
Hogaboom that when the pH of brass solution is over 13.6 it will refuse 
to plate, but the addition of a more acid constituent such as NaHC03 
will remedy this condition at once. 
E. Function of Ammonia in Plating 
When ammonia is added to brass-plating solution it has the effect 
of reducing the percentage of copper in the deposit; it gives a 
yel10wer brass and it appears to stabilise the solution so that a 
more consistent plating, both in appearance and composition, is ob-
tained. The effect of ammonia on the composition of the deposit has 
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been studied by several investigators and the curve in Figure (1.14) 
by Clarke, Bradshaw and Longhurst is typical of the results obtained. 
The experienced electro-plater observes sometimes from the 
appearance of the solution or condition of the deposit, when something 
is amiss and can forecast, with a fair degree of certainty, what 
action should be taken. No action should be taken, however, until 
confirmation has been obtained by analysis. Some of the signs which 
point to bad plating conditions are listed in Appendix 1. 
Electro-plating iron or steel plate parts for bonding purposes 
entails passing the components through from 8 to 12, or even more, 
solutions before they can be considered fit for cementing and rubber 
coveri ng. 
The following process can be representative of those in current 
use in Britain, United States and Germany. The sequence of baths used 
is as follows: 
l. Sul phuric acid 
2. Water 
3. Degreasing solution 
4. Water 
5. Sulphuric acid 
6. Water 
7. Sodiun cyanide solution 
8. Water 
9. Brass solution 
la. Water 
11. Tartaric acid solution 
12. Hot water 
The technique of wire or cord plating is completely different from 
the ordinary plating technique. A helical coil method of wire plating 
in rod form is used followed by subsequent consecutive redrawing and 
heat treatment to the required finished diameter(49). The open coil 
is passed by external roller and comb guide members spirally along a 
rotating shaft held down by a similar roller shaft, as shown in Figure 
(1.15). Electrical contact to the wire is accomplished by a roller 
contact on the rod opposed by a roller guide, functioning external to 
the plating bath. The internal anodes are semi-cylindrically disposed 
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FIGURE 1.14 Effect of ammonia on the comrosition of deposit 
Bath Composition 
Copper 
Zi nc . 
Free 
cyanide 
pH 
Temp 
C.O. 
22 gs/L 
6.2 
7.0 
11.2-11.4 
400 
10 amps/sq.ft 
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FIGURE 1. l~ Vertical-pass platin~ and rinsing cell 
design for wire or cord platin9 
1. platin9 cells, 2. rinse tank, 3. contact rolls 
4. special insoluble anode 9rids, 5. drip collection tray 
6. strip 
TABLE 1.29 
Different types of solutions at different conditioris 
CuCN Zn(CN)2 Total Free Na 2C03 Current Tenp 
Anodes 
Origin gm/ CN CN pH Density Voltage % Cu Litre gm/Litre gm/Litre gm/Litre gm/Litre Amp/sq. ft °c and Zn 
Vanderbi1t News 24 8.5 65 - 1 - 10 24/38 70/30 II (ZnO) - - -
H.P. Coats I ~'} 26.2 11.3 45 7.5 Nil 10.3/ 9 - 27/35 75/25 , 'c 11 I 
H.P. Coats ' ." , 
. ' 18.0 1 0.15 - 12 Nil - 4 - 26 -II 
Hogaboom 27 9.0 55.25 18.7 30 - 3 - 5 2-3 24/38 80/20 
Cl ark, Bradshaw 10.5/ 
and. Longhurst 30.9 11. 1 51 6-9 Nil 11. 5 10 - 35/40 70/30 
'. ~"::'1 1 
Cl ark, Bradshaw 10.5/ 
and Longhurst 21.35 63-103 83-131 6-9 Nil 11 .5 10-30 - 40/60 70/30 ~,'~:.~'. 2 
American 1 22.5 11.8 30 5 - 6.9/ 4- 5 - 40 70/30 9.9 
American 2 20.0 8.20 49 5-10 - 10.0/ 4- 6 - 40/42 80/20 
10.5 
German ,'\,'" 22.4 11.7 34 5 3 10.4/ 4.5/ 4-6 38/40 70/30 11 5.5 
Bri ti sh 27.0 14.0 32 5-7.5 - 9.4/ 5 3-6 38/40 70/30 10.4 
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to the rod coil shape. Current densities up to approximately 500 amps/ 
sq ft are said to be employed. 
A flow chart of the whole method is shown in Figure (1.16). 
• 
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FIGURE 1.16 
FLOW CHART OF BRASS PLATING METHOD 
A. Wi re Producti on 
high tensile steel rod 
B. Brass Plating Procedure 
Patenting (heat 
treatment) and) 
cleaning Brass deposi t 
1 ubri ca ti ng 
agent used 
drawn to finished 
size 
Degreasing bath --_ .. vapour degrease -_. WO," .. ,h l 
water 
wash (twice) 
Brass plating and cyanide bath 
Anode (+) 
Brass 
Cathode (-) 
Meta 1 Part 
acid bath 
(concentrated H2S04 
HN03 or HC1) 
(70% Copper & 
30% Zinc) 
(dipped in solution of CuCN, 
Zinc cyanide Zn(CN)2 
I I 
I 
water wash cold 
water wAsh hot 
Drted 
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1.3 Adhesion Promotors 
Many types of chemicals have been introduced to the market in 
the last forty years to act as adhesion promotors or in other words 
to increase the adhesion in some way or another. As these are 
designed to be dispersed in the bulk polymer before use, they are 
often called 'integral' bonding agents. Some of these adhesion 
promotors will be dealt with in this section describing their chemi-
cal combination, their function and their advantages and disadvantages 
in relation to the other adhesion promotors. 
A. Nitroso Compounds(50) 
Two types of nitrose compounds are available as promotors 
(a) N- (2-methyl -2- nitropropyl) -4- nitroso aniline and (b) N-4-
dinitroso -N- methylaniline. This type of promotor was found to be 
much more effective with nylon and viscose cords than with steel. 
However nitroso compounds have been demonstrated to give a high bond 
strength with steel by including an HRS system in a SBR or cis-
polyisoprene rubber covered wire. 
B. Silyl Peroxide (VTBS)(51) 
Its chemical composition is vinyl tris (t-butyl peroxy) silane. 
The most important difference between the silylperoxides and the 
more conventional organo-functional silanes is that with the silyl 
peroxides bonding is affected thermally rather than via hydrolysis. 
On the basis of research findings by Y L Fan and R G Shaw, we· 
may draw the following conclusions: 
1. Adhesion with VTBS is achieved through chemical bonding rather 
than pure physical interactions where a mechanism for bonding 
was proposed by Fan(52). 
2. VTBS is capable of grafting to the backbone of organic polymers 
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through either unsaturated functionalities or via their radical 
fragments. 
Adhesion promotion with the silyl peroxide is primarily a 
chemical phenomenon. Formation of covalent bonds., including perhaps 
hydrogen bonds, through siloxane linkages extending across the 
interface, is believed to be chiefly responsible for the observed 
adhesion. Adhesion due to surface oxidation is not considered to 
be a major contributing factor with the silyl peroxide system. 
Many things were considered to be of great importance in this 
aspect such as storage, handling and toxicity of this material as 
well as the method of application, influence of degreasing(53) and 
determination of adhesion. The effect of temperature as well as 
ageing on the adhesion is shown clearly in Table (1.30) using EPDM 
as the rubber, aluminium foil as the metal and VTBS as the adhesion 
promotor. 
C, Cobalt Naphthenate as an Adhesion Promotor(54) 
Cobalt salts are those most commonly preferred as adhesives for 
self bonding rubber compounds, the only substrate that these are 
used on is brass-plated wire and the following observations can be 
made from the literature. 
1. With cobalt naphthenate the type of metal used in bonding 
rubber is very important(55) as shown in Table (1.31). The 
composition of brass also has a strong influence on the bonda-
bility, brass having 70% copper being more suitable than that 
with 60% copper. 
2. 0.3 to 0.6% cobalt seems to be the most effective concentration 
of cobalt naphthenate for bonding brass to rubber. 
3. The design of the rubber compound is of critical importance in 
particular the type of accelerator (see Table (1.32» and sul-
phur to accelerator ratio (see Table (1.33», when bonding with 
cobalt naphthenate. Chemical bonding agents (Chemlok) by con-
trast are not so dependent on the rubber formulation. 
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TABLE 1.30 
Effect of Ageing on Adhesion, Using VTBS as Promotor 
Polymer: LP .D.M. 
Substrate: Aluminium foil 
Application Method: VTBS (50%) as cement layer 
Ageing: in air for 3 days at 1000C 
Compound containing 
E.P.D.M. as cross- 4.2 phr Perkadox 14/30 7.6 phr Trigonox 29/40 
linking peroxide 
Vulcani- Before After Before . After 
zation Ageing Ageing Agein~ Agein~ 
Time/Temp kN m- 1 kN m- 1 kN m- kN m-
20' lSOoC > 9.S > 9.5 - -
VTBS as 20' 1600C > 9.S >10 > 9.S >10 
50% 20' 1400C 7.0 s.o >10 >10 
Solu- 15' 1400C 0.5 0.5 - -
tion 
.10' 1400C 0.5 2.5 - -
5' 1400C - - 0.3 0.3 
VTBS as 20' lSOoC > 9.S > 9.5 - -
50% 20' 1600C 3.3 > 9.5 >10 >10 
solu- 20' 1400C 3.5 5.0 > 10 >10 
tion + 15' 1400C - - >10 >10 
activa- 10' 1400C - - >10 >10 
tor 5' 1400C - - 0.3 0.3 
The value> ........ kN m- 1 indicates substrate (metal) fracture 
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TABLE 1.31 
Effect of Metal Type on Adhesion Using Cobalt Naphthenate 
Curative system used for N.R: CSS 0.6 phr 
Sulphur 4.S phr 
Adhesion Optimum Peel 
Substrate Promotor Cure time Strength 
(mi nutes) (Newton) 
Mild Steel - 10 Hand peel 
11 11 Cobalt 14 SO 
Naph.0.3% 
Co 
11 11 Cobalt lS Hand peel 
Naph.0.6% 
Co 
11 11 Chemlok 
205/220 10 410 
Brass(60:40) - 10 Hand peel 
11 11 Cobalt 14 11 11 
Naph.0.3% 
Co 
11 11 Cobalt 15 11 11 
Naph.0.6% 
Co 
11 11 Chemlok 231 10 380 
Brass Pla- 10 200 ted M.S. -
11 11 Cobalt 14 340 
Naph.0.3% 
Co 
11 11 Cobalt 15 360 
Naph:0.6% 
Co 
11 11 Cobalt 15 310 
Naph.0.9% 
Co 
11 11 Chemlok 231 10 380 
Bond Failure 
RF RM CM 
- 100 -
- 100 -
- 100 -
100 - -
- 100 -
- 100 -
- 100 -
100 - -
60 40 -
94 6 -
94 6 -
30 70 -
100 - -
RC 
-
-
-
-
-
-
-
-
-
-
-
-
-
TABLE 1.32 
Effect of accelerator type on bond strength using cobalt naphthenate 
The curatives employed were as shown below: 
Metal 
Mild Steel 
" " 
" " 
" " 
Brass (60:40) 
" " 
" " 
" " 
Brass Plated MS 
" " " 
" " " 
" " " 
Methasan 0.2 
MBTS 1.5 
Sulphur 2.0 
Adhesion Promotor 
- . 
Chemlok 205/220 
Cobalt Naph.0.3%Co 
Cobalt Naph.0.6%Co 
-
Chemlok 231 
Cobalt Naph.0.3%Co 
Cobalt Naph.0.6%Co 
-
Chemlok 231 
Cobalt Naph.0.3%Co 
Cobalt Naph.0.6%Co 
Optimum Peel Strength Cure Time 
at 153 0 C Newton 
7 Hand Peel 
7 410 
11 Hand Peel 
13 " " 
7 Hand Peel 
7 400 
11 80 
13 Hand Peel 
7 Hand Peel 
7 400 
11 Hand Peel 
13 " " 
Bond 
RF RM 
- 100 
100 -
-
lOO 
- 100 
- 100 
100 -
- 100 
-
100 
- 100 
100 -
-
100 
-
100 
In the fo 11 owi ng table sulphur level is increased to 4.5 phr while methasan and MBTS levels were 
Mild Steel - 4 Hand Peel - 100 
" " Cobalt Naph.0.6%Co 6 " " - 100 
Brass Plated MS - 4 " " - 100 
" " " Cobalt Naph.0.6%Co 6 " " 100 -
Failure 
CM RC 
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
kept as above 
- -
~ 
-
- -
- -
TABLE 1.33 
Effect of sulphur/accelerator ratio on bond strength using cobalt naphthenate 
Accelerator Optimum Adhesion 
CBS (phr) Cure time Promotor (minutes) 
0.2 15 -
0.2 16 Cobalt Naph.0.6%Co 
0.2 15 Chemlok 231 
0.2 16 231 + Cobalt Naph. 
0.6% Co 
0.6 12 -
0.6 14 Cobalt Naph.0.6%Co 
0.6 12 Chemlok 231 
0.6 14 231 + Cobalt Naph. 
0.6% Co 
1.6 8 -
1.6 9 Cobalt Naph.0.6%Co 
1.6 8 Chemlok 231 
l.6 9 231 + Cobalt Naph. 
0.6% Co 
The curative system used for NR: CBS as shown 
Sulphur 2.5 phr 
Peel 
Strength 
Newton RF 
140 65 
340 100 
180 100 
320 30 
60 3 
310 50 
380 96 
320 40 
Hand 
Peel -
" -
300 91 
310 50 
Bond Failure 
RM CM RC 
35 - -
• 
- - -
- - -
-
70 -
97 - -
50 - -
-
4 -
-
60 -
100 - -
100 - -
-
9 -
- 50 -
TABLE 1.34 
Effect of heat ageing on bond strength using Cobalt Naphthenate: 
The bonded units were aged at 700 C in an oven for 3 days. The curative system used was CBS as shown below and 
sulphur 2.5 phr 
Accelerator Optimum Adhesion Peel Bond Failure 
CBS ( phr) 7~re Time Promotor Strength minutes 1 Newton RF RM CM RC 
0.2 15 - 100 1 99 - -
0.2 16 Cobalt Naph.0.6%Co 200 100 SB - - -
0.2 15 Chemlok 231 160 100 SB - - -
0.2 16 231 + Cobalt Naph. 180 26 74 0.6% Co - -
0.6 12 Hand 100 - Peel - - -
0.6 14 Cobalt Naph.0.6%Co 200 30 70 - -
0.6 12 Chemlok 231 250 98 - 2 -
0.6 14 231 + Cobalt Naph. 200 42 58 0.6% Co - -
1.6 8 Hand 100 - Peel - - -
1.6 9 Cobalt Naph.0.6%Co " - 100 - -
1.6 8 Chemlok 231 200 90 - 10 -
1.6 9 231 + Cobalt Naph. 230 46 54 0.6% Co - -
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4. Tests of dry heat influences show that Chem10k bonding is 
relatively unaffected compared to cobalt naphthenate(56). 
In general with cobalt salts the cohesive strength of the 
rubber compound deteriorates more quickly than the bond 
between rubber and metal when exposed to dry heat as shown 
in Table (1.34). 
Other adhesion promotors recorded are the organo-nicke1 sa1ts(57), 
Resotropin(58)*, and the radio-frequency gas treatment(59). 
* Condensate of resorcinol formaldehyde 
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CHAPTER 2 
2.1 Theories and Nature of the Rubber-to-Brass Bond 
Since the 1950' s there have- been two schools of thought to 
account for the bonding of rubber to brass. The first one is based 
on the existence of chemical linkages between the rubber, sulphur and 
brass. This was first put forward by Hayford and Rogers(60), with 
experimental evidence provided later by Buchan and Rae(61). According 
to this theory, the reactive metal in the alloy is copper, because it 
is difficult, if not impossible, to bond zinc alone directly to rubber, 
yet a good bond can be obtained between rubber and pure copper(62). 
Copper, being a transition element, is considered to first form cuprous 
sulphide by reacting with sulphur from the rubber mix-, Fischbeek and 
Dorner(63) have shown that sulphur alone in a carbon disulphide solu-
tion reacts rapidly with copper powder to give mostly cuprous sulphide. 
Subsequently later reaction to the higher sulphide is slow and is 
thought to be governed by a diffusion process(64). It appears that the 
cuprous sulphide formed can react in three ways while in contact with 
the matrix of vulcanizing rubber, as shown by the following concepts. 
i) It reacts with free sulphur to form the higher sulphide, namely 
cupric sulphide. 
ii) It can attach itself to a sulphur atom already bonded to the 
rubber. 
iii) It can react directly to the rubber at one of the points of 
unsaturation in the dienes structure. 
Workers in this field(65) claimed that concept (i) will take place 
to an appreciable extent only when there is an excess of uncombined 
sulphur present. Concept (ii) can take place at all concentrations of 
sulphur, but when there is excess present there will be an added ten-
dency for formation of sulphur chains between the copper and the rubber 
as now shown: 
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--c--c- --c--c-
I I I I 
SI ~ Formula I I Formula II S S I I 
I 1 S Cu I 
Cu Cu Cu 
(C-S, S-S and S-CU bond dissociation energies at 698.7, 425.01 and 
285 kj mol- 1 respectively). 
From a stereochemical point of view, formula 11 is less likely 
than formula I, hence the greater probability of sulphur-sulphur 
linkage. If concept (ii) should occur, a high energy is needed for 
the formation of C-S bonds; with concept (iii) however, the two 
possible structures are III and IV; 
-- c-- C-- --C-C--
I I I I 
Formula III S S Formula IV S Cu 
I I I 
Cu Cu Cu 
and either reaction, if it should take place, is likely to yield a 
satisfactory bond. Again, stereochemically, structure III is more 
probable than structure IV. According to Buchan less sulphur is 
required to enter into combination with the copper in concept (iii) 
than in concepts (i) and (ii), and that consequently bad bonding 
brasses will be characterised by excessive sulphide formation. By 
the same reasoning, concept (ii) will be more likely to occur when 
fast-curing stocks are vulcanized against brass because of rapid satu-
ration of the reactive double bond. In all cases of bad bonding of 
rubber to brass examined by physical means, failure appears to be due 
to non-uniformity in the structure of the plating(65). This lack of 
uniformity gave rise to a greater degree of brass corrosion and to 
conversion of the cuprous sulphide formed in the first place to cupric 
sulphide. 
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This implies that concept (ii) was taking .place with the added 
complication of a chain of sulphur atoms existing between the rubber 
and the copper. In other words it is necessary that a proper balance 
be maintained between the velocities of combination of sulphur with 
rubber and with brass. Thus, when the reaction rate balance is 
disturbed, for example, by the addition of more active accelerators, 
or if the brass is in a more reactive state, failure in adhesion results. 
Oxidation Mechanism 
The second school of thought on mechanism is that of the oxida-
tion theory. This was first put forward by CM Blow(66). In this 
case, Blow considers copper to be an oxidising agent. ·The rubber sur-
face is considered to be oxidised by contact with copper and it is 
this oxidised film that provides the adhesion. Blow suggested that the 
characteristics of the brass and the rubber ingredients plays the major 
part in that mechanism. He stated that brass colour and surface appea-
rance are not an infallible guide to bonding suitability, whereas cer-
tain shades in the brass, e.g. greenish or pinkness were usually con-
considered to indicate unsuitability for bonding. 
Also at this time thickness of brass was not considered to be 
vital in any way and a mere flash coating of the correct characteris-
~ 
tics on to other metals such as steel~nown to give very high bond 
strength(67). Later studies using X-ray and electron diffraction 
studies of the brass composition, have been carried out(68) and sugges-
tions made that particular alloys and the state of strain in the brass 
are important criteria. 
In another study of the reactivity of brass towards ingredients 
. ~hic~ 
present in rubber compounds it was found that brass typesL!eact readily 
and rapidly with sulphur (Cu/Zn 70/30 - 90/10) were suitable for bonding. 
Also those giving no reaction at all were equally unsatisfactory 
(50/50 - 60/40). Certain brass t)pes were observed not to react with 
either sulphur or stearic aCid(69 , whereas som; others gave a positive 
response with stearic acid and a slow reaction with sulphur. It was 
therefore concluded that reactivity with sulphur alone does not promote 
bonding, whereas reactivity with stearic acid and slower reactivity with 
sulphur does. 
---- - ---- --
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Blow considered the fact that copper and cobalt are at their 
most effective in catalysing the oxidation of rubber when in the 
form of their fatty acid soaps (which are soluble in hydrocarbons) 
as good evidence for the support of the oxidation theory insofar as 
brass deposits suitable for bonding contain copper in a form active 
toward stearic acid and therefore readily soluble in the rubber. 
In such a form these elements would promote the oxidation of the 
rubber. 
The other partner in bonding reaction is the rubber compound. 
Most workers have come to the conclusion that sulphur is essential 
for bonding rubber to brass. (This arises from the fact that rubber 
with a low sulphur content does not bond(70) ~\ To get a compound to 
vulcanize without sulphur or with low sulphur content, active and 
large amounts of accelerators have to be added and these latter are 
known to often reduced bonding at all levels of sulphur content(71)l 
Therefore a, moderately high sulphur loading, i.e. 4 phr or more in 
the mix, is considered essential for bonding. 
Some observations have been recorded(72) of the reaction of sul-
phur with copper in paraffin medium in which it was found that certain 
accelerators of vulcanization are capable of reacting rapidly and 
preferentially with the copper and retarding the formation of sulphide. 
Also that the copper-accelerat()V", compounds were insoluble in paraffin 
and can be assumed to be insoluble in rubber. In other words this 
observation explains the absence of bonding when certain accelerators 
are present in the rubber as being due to the rapid reaction of the 
copper with such accelerators and preventing it fulfilling its usual 
copper-sulphur reaction, whatever that may be, in the bonding process. 
The involvement of zinc oxide in the bonding of rubber to brass has 
been explained by the usual reaction of zinc oxide with stearic acid 
to form zinc stearate which then reacts with these same accelerators 
and affects bonding. Therefore, in considering the rubber composition 
in relation to bonding to brass, not only sulphur, but also stearic 
acid, accelerator and zinc oxide have to be taken into account. 
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Experiments have been performed to study the role cif various 
accelerators in the presence of different quantities of ZnO in 
rubber(73). It was found that accelerators like mercaptobenzthiazole, 
copper salt of mercaptobenzthiazole zinc diethyl dithiocarbamate and 
copper diethyl dithiocarbamate bond well to brass in either high or 
low ZnO content (2 to 10 phr) mixes, whilst on the other hand accel-
erators like tetraethyl thiuram disulphide or tetramethyl thiuram 
sulphide bond well in the high zinc oxide mix, but poorly to the low 
zinc oxide compound. It is noted that the above work also shows that 
certain accelerators, capable of reacting with brass (in the presence 
of low ZnO content) during the bonding process forms a deposit which 
is in the form of a sulphide layer and prevents adhesion. In the 
case where a high content of ZnO is present then the ZnO tends to 
react with the excess of accelerator and hence prevents(in the rubber) 
the reaction of accelerator with the brass to form the sulphide. The 
to 
factors that have been found to applyLthe oxidation mechanism are 
now summarised. 
The rubber hydrocarbon at the metal surface takes up copper from 
the brass layer; the oxygen present in the rubber and on the metal 
is considered sufficient in the presence of a catalyst to form an 
oxidised rubber decomposition product and this substance is subse-
quently vulcanized as part of the rubber phase; at the same time by 
reason of the oxygen or hydroxyl groups created on the rubber surface, 
specific adhesion to metal is obtained. 
Now it is necessary to consider what facts support this suggested 
mechanism. It is well known that rubber after milling contains 
dissolved or absorbed air and this in the presence of a copper or 
cobalt salt that is soluble in the rubber, could react very rapidly 
with oxygen, at least in thin films or at the surface of thick films. 
The oxidation product of rubber was investigated by Stevens(74) 
who reported it as capable of producing adhesion of rubber to metal. 
Irradiating the surface with UV light, presumably to bring about oxi-
dation, has also been performed. If the rubber surface is treated with 
a trace of cobalt or copper irradiation is not found to be necessary 
to bring about the oxidation that will occur, and on vulcanization a 
bond to metal is formed. 
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Blow mentioned that many workers, including himself, had, con-
cluded that sulphur, is the key to the mechanism and Rae(75) has 
postulated a copper-sulphur rubber link, although his evidence is 
scanty. 
If the sulphur in the rubber is reduced to a low figure or 
eliminated no bond is formed, however, as stated earlier, to vulca-
nize without sulphur accelerators have to be added, hence the pre-
sence of accelerator and not the absence of sulphur may be the cause 
of no bonding as is suggested by many results published to date(75) 
on the effect of accelerators or the reaction of copper with sulphur. 
It was mentioned(76) that the amount of sulphide formation at 
the rubber-brass interface during bonding would control the formation 
of the bond between the brass and the rubber. In other words excessive 
sulphide formation weakens the bond and this is the state of affairs 
that will prevail with pure copper, hence the need to use a Cu/Zn 
alloy is essential. The effect of the Cu/Zn ratio in the alloy is 
very important for adhesion as will be shown later in this introduc-
tion. 
One is led, therefore, to suppose that for bonding the quantity 
of copper available in the brass needs to be sufficient to catalyse 
rubber surface oxidation but not enough to form excessive sulphide. 
It has been shown(77) that the colour acquired by the brass when 
stearic acid and/or sulphur is applied, indicates the character of 
the brass from the bonding standpoint. Many of the common accelerators, 
as mentioned earlier, react very rapidly with copper and the compounds 
so formed do not catalyse the oxidation in the same way as the copper-
fatty acid compound which may be assumed to be formed at the interface 
in the case of good bonding. 
Since the 1950's different papers have been published dealing with 
the effect of brass on bonding as well as the, introduction of diff-
erent dynamic and static bonding tests(78) but none have tried to 
clarify and explain the facts behind the bonding process, or in other 
words to prove a mechanism for this vital and important process in 
rubber technology until Van Ooij in October 1977 read his paper prop-
osing and proving a new mechanism for rubber-to-brass adhesion, hence 
accomplishing another advance in this field. Ooij, using the XPS* 
* X-ray photoelectron spectroscopy 
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technique has obtained evidence for the mechanism of rubber-to-
brass adhesion which the writer thinks originated from the suggested 
mechanism of Blow. 
Although most present day applications for the brass to rubber 
bond involve the use of brass plated steel wire, which exhibits a 
high level of adhesion, Ooij's researches. were conducted using thin 
flat brass plates having well defined alloy and surface characteris-
tics. Figure (2.1 ) shows the metal bonding specimens and method of 
preparation. A new method was employed (using a cryogenic technique) 
for separating the smooth brass surface of the above mentioned plates 
from the vulcanized rubber by carrying out a shear test at a very low 
temperature (liquid nitrogen temperature -179°C). The effectiveness 
of the cryogenic method was shown clearly by using the Electron 
Scanning for Chemical Analysis (ESCA) technique (see Chapter~), 
where it has been proved (Figure 2. ·2) that the sample could have 
failed completely in the rubber region if tested at room temperature. 
But at the temperature of liquified nitrogen failure was found to 
occur at the interface between the metal and an interfacial layer. 
This layer was identified as a mixture of ZnO, ZnS and cuprous sulphide 
(Cu 2S) on the basis of relative concentration and the valency state 
of ZnS and Cu ions present(79) 
It was mentioned that no other form of copper (e.g. Cu, CuS or 
CU-Sn - rubber complex) except CU2S was observed, but a detailed 
analysis of the bonding state of sulphur showed an unusually high 
concentration of sulphur-carbon bonds in the vicinity of the inter-
face, which it was suggested to be indicative of comparatively high 
crosslinking density and hence similar to rubber vulcanized in the 
absence of a brass surface. 
Ooij demonstrated by using the XPS and the XRF* techniques(80) 
that during vulcanization of brass in rubber the brass surfaces are 
slowly corroded by sulphur. The net result of this reaction is the 
growth of a duplex sulphide layer which is composed of nonstoichiometric 
Cu(I)xS at the sulphide rubber interface. The amount of Cu(I)xS formed 
during vulcanization largely determines the level of the adhesion that 
* X-ray fluorescence 
I 
I~ 
: 
FIGURE 2. 1 
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8mm 
20 mm 
(a) 
(c) 
... 
(b) 
(d) 
Preparation of Specimen (Ooij experiment) 
(a) Brass specimens (thin flat plate) 
• 
(b) Vulcanized rubber-brass samples for interface analysis 
(c) Vulcanized Rubber-Brass sample for adhesion tests 
(d) Test Fixture 
BG 
Brass concentration Rubber 
Cu 
--2_ (5 + -C5xC-) 
C (x1/2) 
(-(5l1(--.+5 8 ) 5 
Zn 
C\k 
Zn 
100 o 100 200 
depth,nm 
FIGURE 2.2 In-Depth Concentration -profiles at Rubber-Brass Interface 
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will be obtained. It was also concluded that for a good adhesive 
bond (see Table 2.1 ) to be formed it is required that the Cu(I)xS 
film is formed with the sulphur crosslinked network (as will be 
explained later), i.e. the adhesion is not determined by the actual 
rate of CU(I)xS formation. The copper sulphide was thought to be 
formed completely before the vulcanization process occurred (see. 
Table 2.1, No 2). Formation of CU(I)xS after vulcanization, i.e. 
curing of brass in pre-vulcanized rubber, will still produce a 
fairly good bond. It should be noted that the total amount of,Cu(I)xS 
should not exceed a certain value at the end of the vulcanization 
process. Additionally copper sulphide film thickness has a big;effect 
on adhesion because an excess of copper sulphide might lead to local 
over-vulcanization causing a deterioration ·of the rubber tensile 
strength. Copper sulphide stoichiometric phase formation was found 
to be an essential point of the adhesion mechanism and the value of x 
in (Cu(I)xS) ought to be 1.97 for good adhesion. In later stages of 
the vulcanization the brass is corroded by O2, OH and other groups 
present in the rubber. Hence other phases are formed such as CU2 S -x 
with x gradually changing from 0.18 to 0.45. The Cu/S ratio gradually 
decreases as the corrosion proceeds. Results of this change are a 
decrease of lattice spacings. a contraction of the lattice and the 
introduction of stresses in the film. As x decreases the film bec-
omes more and more fragile and eventually the adhesion to the metal 
substrate is also lost. These considerations imply that the thickness 
of the copper sulphide film should be kept as low as possible in order 
to avoid the formation of phases with low copper content and low ten-
sile strength. It is conceivable that in fact only the phase with 
x = 1.97 (as was mentioned above) is beneficial for adhesion in that 
its tensile strength exceeds that of the rubber. From experimental 
observations(81). it has been concluded that pure copper sheets do 
not bond well as a result of the formation of very large quantities 
of cuprous sulphide. whereas brass can give a high bond strength 
because of its limited formation of Cu(I)xS. This is consistent with 
the above considerations and with the mechanism of film growth of Cu(I)xS. 
Also it was· found that due to the high concentration of certain vacan-
cies in CUxS, transport of cations and electrons through the film is 
extremely rapid. The transport of Cu+ ions to the surface via vac an-
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TABLE 2.1 
Adhesion results and expected analysis 'of some selected materials 
to rubber(s) (Ooij experiments) 
No 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Material (2) 
Iron, steel 
Copper 
Zinc 
Cobalt 
Zinc + Cu 
plating(4) 
Steel + Cu 
plating (4) 
Steel + Cu S 
plating (5') 
Brass 50/50 
Brass 60/40 
Brass 70/30 
Brass 80/20 
Brass 90110 
Adhesion (3) 
No adhesion 
No adhesion, but 
fair adhesion, 
if undercured 
(1200C) 
Poor 
Fair to good 
Excellent if 
plating thick-
ness does not 
exceed 50 nm 
ibid 
Excellent for 
fresh CUxS layer 
Fair 
Good 
Excellent 
Poor 
No adhesion 
XPS interface 
Formation of F eS 
Large amount of 
CUxS 
Formation of ZnS 
Formation of a 
coba 1 t su 1 phi de, 
samp 1 e fa i 1 at 
su 1 phi de-meta 1 
interface 
Cu completely con-
verted into CUxS 
ibid 
Little Cu S Forma-
tion x 
ZnS/CuxS 
ZnS/Cu
x
5 
Excess CuxS 
Excess CU x5 
(1) Commercially available test compound, vulcanized 30 mins at 1500 C 
(2) Sheets of 0.5 mm thickness 
(3) Lap shear tests 
(4) Prepared by immersion plating from Cu 504 solution 
(5) Prepared from sample 6 by immersion in paraffin solution of sul-
phur at 1800C 
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cies is the rate determining step as can be concluded from kinetic 
studies(82). In the case where brass is sulphidized instead of 
copper. then ZnS will form jointly with CUxS, The former sulphide 
was considered to be a semiconductor as well. but of a different 
type. viz n-type. Its growth mechanism was mentioned to be diff-
erent. as it grows via interstitial diffusion of Zn2+ ions. In view 
of the differences between ionic radii of diffusing CU+'and Zn2+ ions 
(0.96 and 0.74 R respectively). the diffusion of Cu+ ions and hence 
the growth of the CUxS film is considerably reduced once a continuous 
film of ZnS has been formed at the surface. From the kinetic studies 
of the reaction of brass with sulphur. it has been found that the 
growth of both CUxS and ZnS layers are represented by a very rapid 
initial rate of reaction followed by a more slowly proceeding reac-
tion. Both sections of the growth curve are in principle parabolic 
since diffusion of cations is the rate determining step. The forma-
tion of a duplex film. instead of a mixed Cu- and Zn- containing film 
is favoured as the mutual solubility of the copper and zinc sulphides 
is 10w(83). The dependence of the sulphide film growth on the chemi-
cal environment of the brass which is (in this case) composed on a 
series of rubber ingredients, could be expected, in view of the defec-
tive nature of the sulphides formed at the rubber-to-brass interface. 
It was mentioned(84). that generally the properties of semiconductor 
films depends strongly on the presence of impurities. In fact, the 
rate of film growth has been considered to be determined by the ease 
of electron transfer (as shown in equation 2.1) at the metal-sulphide'. 
+ Cu .... Cu +@ (2.1) 
interface, electron transport through the sulphide 
(2.2) 
(as shown in equation 2.2)/and the electron transfer at the sulphide 
surface. But it was observed that if any of these steps were obstruc-
ted or accelerated by the presence of certain chemical compounds at 
the sulphide surface, the sulphide film growth may be retarded or 
accelerated. The effect of a large' number of chemicals on the inhi-
bition of brass corrosion in various media is well listed in the litera-
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ture(85). Consequently, the effect of rubber composition on the 
adhesion of rubber-to-brass was reported to be attributed to the 
combined effect of all the ingredients on the rate of cuxS formation. 
One of the species which accelerate Cu S formation was mentioned to 
. x 
be H20. It is well known that H20 molecules accelerate the oxidation 
of zinc atoms markedly, but according to Hope and co-workers, H20 
molecules themselves do not markedly oxidize zinc in the absence of 0/86 ). This effect was thought to be attributed to the difference 
between the cathodic reactions of the corrosion process that takes 
place upon oxidation. Therefore in the absence of water vapour the 
cathodic process is: 
(2.3) 
But in the presence of water, the reduction process (equation 2.4) 
(2.4) 
is also possible, and hydroxyl groups are incorporated into the oxide, 
which results in a change of the defect nature of the oxide, leading 
to an acceleration of the growth rate of the oxide. This enhancement 
of cation diffusion in the interfacial film leads during vulcanization 
of brass in rubber to a much thicker duplex film of ZnO-Zn (OH)2 and 
Cu(I)xS. The relatively low local concentrations of copper and zinc 
in the rubber following vulcanization with moisture containing rubber 
(Figures 2.3 and 2.4).suggest that under moisture conditions a much 
more porous ZnO-CuxS layer is formed which is conceivably of less 
intrinsic strength than that formed in the absence of water. 
Having established the identity of the rubber-ta-brass adhesive 
as Cu(I)xS and the effect of cure time, moisture content, rubber 
ingredients etc. on the adhesion as influences of these parameters 
which control the amount of Cu(I)xS formed, the question still remains 
to be answered why a high bond strength is observed between Cu(I)xS and 
rubber and not between the ZnS, FeS etc. 
FIGURE 2.3 
FIGURE 2.4 
BRAS5 
100 o 
91 
corw:entfalion 
I C(.1I2) 
RUBBeR 
I , 
----______ -25_ i 
100 
Oeplh. in rvn 
200 
In depth elemental concentration profiles of rubber-to-
brass sample using rubber of type II (HRS adhesion 
system) 
BRASS ~U8BER 
C 
5 
Cu 
Zn 
5 o 
200 100 o 
Deplh. n ~ 
100 200 , 
In depth elemental concentration profiles of rubber-to-
brass samples broken at liquid nitrogen temperature; 
rubber of type 11 (HRS system), containing 1 wt% H20 
92 
Since the [SCA measurement was found to be unable to provide 
evidence for any other type of copper bonding other than that of 
Cu+ in Cu(I)xS. therefore. it was found important to rule out 
chemical linkage of brass-to-rubber molecules via metal-organic 
bonds. Instead a physical bonding of rubber molecules to Cu(I)xS 
coated brass surface was purported. Natural rubber normally does 
not bond to a metallic surface due to its lack of sufficient pol-
arity(87). But. in cases where the polarity was increased artifi-
cially. e.g. by irradiating the rubber with electrons. by oxidizing 
the rubber surfaces. or by increasing the modulus at the interface, 
using an interlayer of natural rubber with high loading. then natural 
rubber could be bonded directly to a steel surface. Further, an 
interlayer of chlorinated rubber also bonds well. This type of 
bonding is purely physical in nature. A bond between the rubber 
and steel was found to take place due to the presence of small amounts 
of Cu(I)xS at the surface of steel. The introduction of this bond was 
a cause of the increase in polarity or modulus because of the incre-
mental increases of the sulphur atoms bonded to rubber molecules by 
the presence of CU(I)xS on the brass surface. Since rubber molecules 
do not react readily with S molecules, a ring opening is required to 
activate the sulphur as shown in equation 2.5: 
Formula V S ring 
Cyclo S8 - *SSSSSSSS* (diradical) (2.5) 
This is normally performed by the vulcanization process, but 
evidence was found that the Cu(I) S surface, grown in situ. has a 
very similar vulcanization effect \y activating the sulphur(88). 
Since Cu25 is non-stoichiometric, part of the sulphur atoms at the 
surface were suggested to be in a dissociated but electrically neu-
tral state as CU1. 97 S = CU 2 51.015 . This situation is similar to 
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that of Cu 20 which is also non-stoichiometric. 
this oxide are powerful oxidation catalysts. 
Certain forms of 
They have been demon-
strated to contain active, dissociated oxygen molecules at the sur-
face, which can be transferred to organic molecules, without oxidi-
zing them completely to CO2 and H20(89}. Therefore, it was assumed 
that a continuous adsorption-desorption process takes place during 
vulcanization as is shown schematically in Figure (2.5). This 
will lead to a gradient of the modulus of the rubber in the region 
adjoining the brass surface as is shown schematically in Figure (2.6 ). 
From theoretical studies it has been concluded that the bond strength 
is increased if an interfacial layer is formed or applied with an 
increased modulus which requires higher energy for deformation, the 
energy dissipated in deforming the polymer at the interface probably 
being the dominant factor for the bond strength(gO}. It was thought 
that if relatively large amounts of Cu(I}xS are formed, the value of 
x gradually decreases, with a corresponding increase in the number of 
active S atoms at the surface. This will lead to a very high rubber 
modulus, but to a reduced tensile strength of the rubber, the well 
known reversion effect of NR compounds. 
According to the previous studies, if a low rubber coverage is 
observed when a bond breaks, then the black discolouration of the 
brass results; this is considered to be a mixture of Cu(I} 5 and 
rubber molecules(91}. The effect of the rubber on the obse~ved bond 
strength has been demonstrated as early as 1946 by Buchan, who showed 
that the bond strength of a rubber-to-brass joint increased markedly 
if the temperature at which the adhesion was measured was 10wered(92} 
as shown in Table (2.2). The adhesion versus temperature curve was 
very similar to that 'of the tensile strength of the rubber as shown 
in Figure (2.7). Further the bond strength of a rubber-to-steel union, 
which is virtually zero at room temperature, becomes remarkably high at 
low temperatures. Since these effects are reversible, they can only 
be explained on the basis of physical bonding of the polymer to the 
metal. Besides, this type of bonding is strongly dependent on the 
mechanical rubber properties, such as the modulus which will increase 
the energy required for deformation of the polymer at the interface. 
Consequently, an increase in the number of sulphur crosslinks at the 
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TABLE 2.2 
Effect of temperature on bond strength 
Temperature oC , Bond Strength 
x 10 5 MN m- 2 
150 41. 5 
100 47.8 
50 52.7 
21.1 57.2 
0 64.3 
-20 76.7 
-30 78.5 
-40 87.4 
-50 127.7 
-55' 176.2 
-60 194.7 
5 
x10 
352 
317 
281 
246 
211 
N 176 
lE 
Z 141 
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interface by the catalytic action of the cuprous sulphide was found 
to be the cause of a physical bond strength at room temperature which 
would, in the absence of this catalytic effect, only be obtained at 
low temperatures (-300C). The above described adhesion model was 
supported as well by the following qualitative evidence. The evidence 
arises from an experiment which has been done on a vulcanized rubber-
to-brass sample which was broken under such conditions that the rubber 
coverage was zero. This was accomplished by the swelling of a rubber 
brass slab in toluene which produced wedge-shaped rubber samples. It 
was found that the side of the rubber that had been in contact with 
brass showed considerably less swelling than the other rubber surface 
which was suggested to be indicative that a different degree of cross-
link density existed between the two surface. The effect of crosslink 
density or modulus has been also demonstrated by coating the brass -
prior to vulcanization in rubber - with a film of pure rubber accel-
erator (sulfenamide type). That resulted in a much higher apparent 
bond strength as a result of the increased rubber modulus. Finally, 
it should be realised that copper sulphide by itself is an effective 
vulcanizing agent for certain types of synthetic rubber yielding non-
sulphur vulcanizates of good mechanical properties, even with unfilled 
mixes (93) • 
The effect of stearic acid concentration was found to have a 
noticeable effect on the rubber-to-brass mechanism. According to 
literature, the effect of stearic acid is to form zinc stearate by 
reaction with ZnO as part of the vulcanization process(94). On the 
other hand, it has been demonstrated that stearic acid is detrimental 
to the adhesion to brass, except for compounds containing cobalt 
adhesion promotors(95). 
A sulphidation experiment has been done using the levels of 
stearic acid shown in Figure (2.8). The omission of stearic acid 
was found to have two effects: firstly, that the zinc oxide particles 
in the reaction mixture are no longer suspended and tend to settle; 
secondly, the rate of sulphidation is decreased markedly. Also it 
was noticed that the curve devnates from linearity, which indicates 
a different growth mechanism. Consequently, it was also found that the 
addition of stearic acid to a sulphidation mixture has two effects: 
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it is adsorbed by the ZnO particles via the polar groups in the 
molecules thus keeping the ZnO particles in suspension: on the 
other hand, the corrosion of brass by sulphur is noticeably accel-
erated due to the effect of stearic acid on the brass corrosion(96). 
As it has been shown that the rate of brass corrosion should be kept 
very low (Figure 2.9), the effect shown in Figure (2.8) may well be 
the cause of the detrimental effect of stearic acid on the adhesion(97). 
Zinc- oxide plays an important role in the adhesion of rubber 
to brass. Barnhart and Mokinstry(98) reco~ended 10 phr ZnO in a 
compound as desirable for optimum adhesion, especially after ageing. 
This is considerably higher than the 3-5 phr classncally used for 
activation. Ulbrich and Backhaus(99) state that adhesion to metal 
is influenced by the shape and purity of the zinc oxide as well as 
the degree of dispersion. Zinc oxide particles have traditionally 
been described as being acicular, molecular, or round because of their 
appearance under the optical microscope. Acicular particles are like 
blocks with rounded corners. Contrary to Ulbrich and Backhaus's theory(99) 
particles shape and purity of ZnO was found to be unimportant for 
adhesion unless the level of impurity is above 1%. Later Van Ooij 
showed that the partially oxidized layer formed on the surface of 
brass-coated wire(lOO) has a thickness of O.l.~ and consisted of two 
layers namely zinc oxide next to the brass and CUxS next to the rubber. 
The ZnO layer was shown to serve as a stabiliser for adhesion by mete-
ring the diffusion of copper to the surface of the brass thus regula-
ting the formation of the Cu Slayer. Insufflcient Cu S was found to 
give poor adhesion. Excessi~e CUxS also gave poor adh~sion(lOl). It 
stands to reason that preservation of this ZnO film should be the goal 
of the radial tyre compounder. 
According to other experiments, it has been reported that adhesion 
increccsed with increasing ZnO loading and also with decreased average 
practical size of ~he znO. During vulcanization, zinc oxide reacts 
with the vulcanizing agents, accelerators and stearic acid, to aid 
in the formation of cross-link, it was found that if ZnO is not avail-
able in the compound for vulcanization, ZnO will be taken from the 
brass surface by the vulcanizing agents. When more ZnO is made avail-
able in the compound, the attack on the ZnO layer on the brass is 
-N E 
E 
~ 
.::e 
z 
-c 
o 
1000 
~ 500 
J:. 
"'0 
<C 
• rubber tear strength 
150 0 C, dryadhesion 
1500 C, wet adhesion 
T , 
180 0 C, wet adhesion 
o~ _____ ~~ ________ ~ __ ~~ __ ~ ______ ~a. ______ ~~~ 
o 500 1000 
reactivity of brass surface(arb.units) 
FIGURE 2.9 Adhesion of Brass Sheets as a Function of Surface Reactivity towards Sulfur 
102 
reduced and adhesion is increased. A correlation graph between 
adhesion and ZnO loading is shown in Figure (2.10). Decreasing 
ZnO particle size was shown to increase the availability of ZnO in 
rubber and then in turn caused an increase in adhesion as shown in 
Figure (2.11). The figure mentioned represented two different sizes 
of zinc oxide particles. The bottom drawing of the figure represents 
compounds containing small particles. Vulcanizing agents will react 
with the ZnO nearest to hand. The dashed line in both drawings 
represents a divide. Above the dashed line, vulcanizing agents will 
react with particles in the rubber. Below the dashed line, they will 
attack the ZnO layer on the brass. 
A comparison of the area under the dashed line is probably con-
sidered to be a good indication of the severit~' of the attack on 
the ZnO layer and, consequently, the level of adhesion. 
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2.2 Adhesion Tests 
One of the most difficult and controversial operations asso-
ciated with both the production and the development of bonding 
agents and bonded parts, has been the establishment of satisfactory 
and acceptable methods for evaluating bond strength. The types of 
units used and the method employed certainly have not always been 
above reproach, but similar criticisms can be, and have been, made 
against ways and means used for evaluating properties much less com-
plex than those ruling at the rubber-metal interface. It should be 
borne in mind too, that practically all of the effective development 
work was carried out initially in works laboratories with the primary 
aim of improving techniques and producing acceptable commercial units. 
These aims were to a great extent realised and this could not have 
been done had the methods used for bond testing and measuring been 
so unreliable and unrealistic as has been suggested. From a works 
angle there are usually different technical phrases which describe 
the type of bond failure, such as: 
a) Rubber failure: means that the rubber block is torn through 
leaving no area where metal or cement shows. 
b) Bond failure: infers that the surface of the metal inserted 
appear after rupture, but remains covered with cement. 
c) Metal faflure: means that clean metal, free from rubber stock 
or cement, appears after rupture. 
d) Ti-gum failure: refers to internal rupture in the tie gum 
layer. 
Bonding tests can be classified into two types: 
1. Static bonding tests. 
2. Dynamic bonding tests. 
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2.2.1 Static Bonding Tests 
There are several types of these: 
A. Interply adhesion methods 
ASTM Standard 0413. This method covers testing the strength of 
adhesion between plies of fabric or metal bonded to rubber or the 
adhesion of the rubber layer in articles made from rubber attached 
to another material. They are applicable only when adhered surfaces 
are approximately planar or uniformally circular as in belting, hose, 
tyre carcasses, or rubber-covered sheet metal. In this test two 
methods are used: 
a) Dead weight method - in which the force applied by means of a . 
weight. 
b) Machine method - in which the force is applied by means of a 
tension testing machine. 
Specimens used are either in the shape of strips or rings, which 
are produced using special cutters. 
The dead-weight method is carried out using an apparatus which 
consists of a supporting frame, testing clamp (for holding the speci-
men), mandrels, calibrated weights, and weight carrier. The sample ought 
to be fixed on the clamp from the separating ends except the one under 
Cl/tr.<.cJ.,eJ ~O'" 
test~owh;cJ>'''«9<i'~ weight '~'L determiniiJ'~he peeling strength. 
The machine-method is performed using a power-driver apparatus 
of the electronic proof ring or pendulum type where a lower percentage 
of error is obtained in the result. 
B. Direct tension methods 
ASTM 0429. Standard method (BS 903 part A2B). In this test. 
two types of specimens are prepared (a) tension type and (b) shear 
type. Testing is to be done using a normal tension testing machine. 
In this type of test the change of tear is much less than that of the 
strip type, therefore the possibility of success is higher in this 
case than with the previous test. 
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C. Single cord embedment: 
These are also called by a variety of names e.g. H, T and U-
tests. Adhesion here is represented by force required to pull an 
embedded cord through and out of a rubber block. The various test 
names come from the shape of the test specimens and are used only 
for convenience, see Figure (2.13). 
In these methods, the force is affected byimbedded lengths of 
cord, rate of loading, and temperature(102). Measurements are often 
done at high temperatures e.g. 1100 to 1300 C since temperature in a 
running tyre may be this high. 
The demand for a better and more accurate testing method was a 
good reason for scientists to develop the old methods or invent some 
new ones. 
A modified H-test (quantitative, cord-rubber, shear adhesion 
test) was developed having the advantage of simultaneous ultimate 
failure measurements and a straight line pull-out load/shear area 
plot "as shown in Figure (2.14b). 
The modifications were done by reinforcing the test piece from 
both sides of the embedded cord and at a fixed distance from it (see 
Figure 2.15) and if that distance is increased, then a wider slot grip 
needs to be used as it is recommended by Coats and Lauer(103), Figure 
(2.16). Comparison graphs of the standard H-test method and the 
developed one are shown in Figure (2.14a & b). It was also demonstra-
ted by Eccher and Canevarie that the width of the grip -slot affects 
adhesion(104) . 
E.C. Testing Method* 
In this case the resting test piece (shown in Figure 2.15) is com-
pared with the new introduced one "laterally supported" test piece using 
an isochromatic method to detect the higher stress concentration. The 
slot or hole size of the grip effect on the pulling force using the 
resting method is shown clearly in Figure (2.17). It was found using 
the 'resting' test piece that the pull through force increases with the 
hardness of the used compound (see Figure 2.18). 
* E C Eccher and Canavarie 
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From looking at the wire after testing, it is clearly shown that a 
rubber tear has taken place and no real value of the bond was recor-
ded. 
A photoelastic examination has been performed(104) using a model 
of the cross section of the resting test piece which was enlarged 10 
times; the wire cord was considered cylindrical and inextensible. 
Photographs were taken of isochromatic lines with step-increasing 
loads applied.to the wire and various slot widths. At constant load 
the slot dimension was to influence the stress distribution (see Fig-
ure 2.19). The isostatic lines, traced through isoclinics, reach the 
wire surface inclined at 450 angle, excepting the portion near the 
support and slot; therefore a pure shear stress acts on most of the 
bonding line. Its intensity distribution along the wire is quite non-
uniform, as it results from the isochromatics density in the proximity 
of the slot. At constant load and changing slot size, it was found 
that the integral of the shear stress along the embedded cord should 
be always the same and equal to the applied force (see Figure 2.20); 
the smaller the slot size, the higher the shear value in the neighbour-
hood of the slot, i.e. worse distribution. Anyhow the upper part of 
the wire is very little stressed. 
It is to be concluded that using this type of prismatic. test 
piece breakdown will occur first when the shear stress in the region 
of emergence reaches the actual bonding value, increased by other 
existing tangential forces, like friction forces due to rubber com-
pressed towards the wire. As soon as this stage was reached and break-
down started, the effective length of embedded wire cord decreased. 
The force needed to pull through the wire becomes less and the region 
of breakdown travels also backward along the wire cord. In connection 
with this non-uniform distribution of stresses, a pull-through load 
should be significantly lower than that obtainable in the case of a 
uniform stress distribution. Moreover the concentrated stresses at 
the edge of the slot, where rubber is increasingly stressed with de-
creasing slot size, can explain the tear breakdown of rubber. When 
the distribution of the shear stress, along the wire cord by increa-
sing loads is examined (Figures 2.21 and 2.22), the conclusion is reached 
that as thQ "'rril"ed. -loo.J.-.:: ... .:U- increases the stress concentration 
worsens. An experiment was carried out to explain the fact behind 
the' high mechanical pUll-out values, where the wire cord was coated 
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with an anti adhesive material before vulcanizing into the rubber. 
The pUll-out forces were graphically plotted versus hardness values 
(Figure 2.23). In this case, and in the absence of a proper adhe-
sion, wire pull through forces have been found to depend on rubber 
hardness. It does not seem likely that such high pull-out forces 
are to be ascribed to a simple mechanical action on the surface of the 
wire. Much more probable is the hypothesis that rubber is conveyed 
by the wire into the slot and compressed, giving rise to friction 
forces on the cord itself. 
The need for a more definite and uniform shear stress distribu-
tion and as far as possible of a pure shear stress along the cord· has 
led to the design of the "laterally supported" test piece with cylin-
drical shell, where the rubber is bonded to that metallic shell, the 
axis of which is the wire cord itself, as shown in Figure (2.24). Using 
the photoelastic technique, it was found that the configuration of 
the isochromatic lines at the same applied load as used for the resting 
test method, gives a clear view of the good shear-stress uniformity 
obtained along the wire cords. The network of the isostatic lines, 
which uniformly cross the wire at 450 , confirms that the rubber is 
subjected to simple shear for nearly all its length. The ratio Q 
between the r<ildius of the test piece and the embedded length of the 
wire cord was found to have some influence on the stress distribution; 
in fact the importance of the terminal parts of the test piece, where 
the isostatic lines deviate to become parallel or normal to the free 
surface profile lower as ratio Q decreases. 
It was noticed that using the laterally supported ·test pieces 
have never shown tearing of rubber and the wires appear either clean 
or covered with a thin layer of rubber; then we can say that in addi-
tion to having a better stress distribution the bonding layer is also, 
and always, ·the most stressed element. This more uniform stress was 
generally found to give rise to greater pUll-out forces. 
A comparison showing the effect of the method of testing on adhe-
sion using different types of wire, as well as rubbers, having diff-
erent hardness, is shown in Table (2. '3). The stress effects of both 
observed in testing methods are shown by the absence of adhesion as 
Table 2. 4. The effect of embedment length of the wire on the adhesion, 
using the laterally supported test piece, is shown in Table (2. 5). 
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FIGURE 2.24 Vulcanized Laterally supported test piece 
TABLE 2.3' 
Effect of type of wire, type of plating, type of testing method on the pull through force in the presence of adhesion 
Pull-through Force (Newtons) 
Wi re Cord 
"0 V> (lx3x5x/) 
<:: V> 0.15 mm ::s QJ 
0 <:: Brass plated Co "0 
E s-
o 
'" 
R S U :I: 
A 47 280 500 
B 53 650 750 
C 61 620 1280 
D 65 590 1040 
E 65 530 1040 
F 68 500 870 
G 68 520 1020 
H 75 530 1020 
I 77 690 1330(1) 
L 77 570 1110 
M 88 540 1170 
N 96 920 1130 
R = Mean value of B 'resting' test pieces 
S = Mean value of 5 'laterally supported' test pieces 
Numbers between brackets reoresent the broken cord number 
F x 3) 
0.20 mm 
Zinc plated 
R S 
100 20 
420 630 
300 520 
220 80 
230 70 
220 20 
310 370 
560 1110 
440 390 
310 150 
640 1170(1 ) 
750 1300 
Solid wire 
1.3 mm 
diameter 
brass plated 
R S 
270 150 
680 640 
800 1230(3) 
840 1140 
860 1090(1) 
340 460 
560 1250 
790 1260(4) 
790 1290(5) 
690 1280(3) 
690 630 
1170(2) 1240 
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TABLE 2.4 
Effect of type of wire, type of plating, type of testing methods 
on the pull-through force in the absence of adhesion 
R = mean value of 8 resting test pieces 
S = mean value of 5 laterally supported test pieces 
Pull-through force (Newton) in absence of adhesion 
W, re Cord 
-c en ( lXTxs-m \Tx3) Solid wire c: en 
::> QJO 0.15 mm 0.22 mm 1.3 mm 0 C::I: Brass plated Zinc plated diameter Cl. -c c:: E <- ~ 
0 ro 
u :I: R S R S R S 
A 47 42 8 35 0 0 0 
B 53 139 22 120 0 10 0 
C 61 143 4 103 0 44 0 
0 65 140 6 82 4 79 2 
E 65 150 0 89 0 35 0 
F 68 169 10 126 0 18 0 
G 68 167 0 134 0 50 0 
H 75 237 8 212 2 34 0 
I 77 229 0 167 0 37 2 
L 77 239 0 185 0 1 0 
M 88 296 0 305 0 79 0 
N 96 288 54 370 74 136 0 
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TABLE 2.0 
...... '-
Effect of vulcanizing· temperature and wire embedment length on adhesion 
using the laterally supported test piece 
Pull-through force (Newton) referred to the unity of embedding length 
Vulcanization 
Temperature {oC} 
Time 
143 151 160 176 
(min) 
a b a b a b a b 
20 510 550 
25 640 630 680 700 470 480 
30 73n 600 750 730 
45 750 760 640 720 
60 780 770 730 710 580 530 
75 710 690 
120 780 720 650 680 
180 710 710 
240 670 680 
Using lateral test piece showing the effect of embedding length of 
wi re on adhesion 
a = embedding length 20 mm 
b = embedding length 12 mm 
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The D.M.P.* hole test with steel-fabric reinforced.test pieces: 
During static testing the manner in which the cord is removed 
from the rubber block strongly influences the magnitude and validity 
of the result. Textile cords are traditionally extracted through 
slots(105), however the limitation of slot testing for steel cord 
to rubber adhesion has been demonstrated photoelastically by Eccher 
and Canevarie(104). Regions of high stress concentrations in the 
rubber adjacent to the slot eventually overcomes the bond strength 
locally. The resulting transference of the concentrated stress into 
the test piece causes localised breakdown and so on. Hence failure 
propagates :al ongll the cord taking a finite time, so that a pull-out 
force erroneously low in terms of mean specific adhesion, is recorderl. 
Moreover frictional effects from rubber compressed in the slot, dis-
tort the situation even more. 
These workers proposed the EC test which eliminated the slot 
effect by utilising cylindrical test pieces laterally reinforced by 
bonded shaped steel plates (the cord running axially through the 
cylinder). During testing, the test piece was supported by the lat-
eral plates only, so that a more uniform shear was applied to the 
rubber-cord interfacial region under friction-free conditions. The 
success of this method is reflected by it giving high levels of bond 
strength and by cords being extracted with a clean snap. When moul-
ding EC test pieces, emphasis is quite properly placed on attaining 
adequate moulding pressure. However, a thin moulding technique has one 
practical 1 imitation where it is rather time consuming. Moreover, only 
five cords per mould test piece are available when using a cord embedded 
length of 20 mm (EC/20). Several investigating groups(106) have propo-
sed compromise tests which combine technical merit with ease of moulding 
and involve many more cords per test piece for improved statistical 
comparison. Figure (2.25) illustrates different test pieces for diff-
erent tests. A condensed comparison between those tests is given clearly 
in Table (2. 6). 
The modified Pirelli tests (DMP) is of a similar technical quality 
to the EC test, but possesses improved moulding efficiency and offers 
* Dunlop Modified Pirelli 
Type A: tested through 
a slot - ASTM D 2229-68 
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test. tested through a 12.5mm 
hole - ASTM D 229-73 test. 
Type B: Supported by steel 
plates during testing -
CMP and similar tests. 
Type C: Supported 
by 2 upper cords 
whilst extracted 
lower intervening 
cord - Harp test. 
Type D: tested in 
cylindrical jig 
(which holds test 
pi eces by s tee 1 
supports only) -
EC test. . 
A 
B 
R'l6=!"- steel plates 
-","_-steel support 
FIGURE 2.25 Test pieces for tests other than Dunlop 
modified Pirelli 
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TABLE 2.6 
Pull-out rubber adhesion test method comparison 
Test Method Technical No of cords/ Mean* Relative Expediency mould used Pre-cure Adhesion 
Preparation Value 
Time (mins) 
ASTM 02229- Poor lS 22! 55-65 
6S (slot-
test) 
Monsanto Fai rly 900d lS(S) 22! 70-95 Harp 
Pirell i Excellent 5 35 100 EC/20 
CMP Good lS 25 SO-lOO 
ASTM 02229- Fairly good lS 22! 70-S+ 
73 (12. 5nm 
hole test) 
OMP (rein- Very good lS 25 100 
forced 
test-
pieces, 
hole test) 
Reinforced Good lS(S) 25 SS-lOO 
Monsanto 
Harp 
*Relative, rather than absolute, representing the following stages as 
applicable: 
Compound remilling (or calendered EC/20) 
Mou 1 d buil d-u p 
Steel support bonding preparation (EC/20, CMP) 
Steel fabric calendering (OMP, Reinforce Monsanto Harp) 
+This value was only 60 for P4 cord (diameter> 1.5 mm) with a 25 mm 
cord embedded length when friction aspects were eliminated by using 
a slightly-smaller hole. 
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many more cords per moulded test piece. According to stated theor-
e~ical considerations, it was mentioned that as stress concentra-
tions, due to slots, adversely influence measured values(107), such 
concentrations from any other likely source should be eliminated or 
minimised for a test of high technical quality. To this end, the EC 
test combines the absence of a slot with the presence"cf bonded lateral 
shaped supports (to provide test piece rigidity).and the application 
of isotropic extension of the rubber during cord extraction. The 
use of suitably sized cylinders of rubber and, in effect, a hole in 
the testing jig, is of prime importance in minimising stress concen-
trations. 
All the earlier compromise tests studied attempt to initiate 
these conditions (and, indeed, do eliminate the slot), but use a 
rubber block instead of rubber cylinders in order to assess more 
cords. Hence concentrations of stress due to test piece deformation 
may now be more marked. Useful aspects from the different tests are: 
1. The bonded lateral steel strips of the CMP(108) and independent 
similar(109) tests provide test piece rigidity. 
2. The use of a hole in the ASTM 02229-73 test to ensure the appli-
cation of isotropic forces. 
It was noted as well that preliminary hole test data indicated: 
a)" ASTM 02229-73 test results were considerably lower than equiva-" 
lent EC/20 values. 
b) When the test piece width and hole diameter were the same (as 
in the 02229-73 test) the test piece partially entered the hole 
during testing to influence further the measured values. 
c) More than one hole size would be necessary to accommodate the 
variety of car and truck tyre cords available. 
The types of test piece deformation which can cause stress con-
centrations during hole testing depend on the magnitude of the sepa-
rating force and the rubber modulus. High modulus, a normal charac-
teristic of steel cord topping compounds, usefully inhibits such defor-
mations. These deformations are: 
125 
1. Variation in the geometrical shape of the elongated rubber 
at failure which may depend on the amount of rubber partici-
pating. 
2. V-shaped distortion of the test piece along its length by 
pivoting on the hole edge. 
3. 'Roof-type' distortion in the neighbourhood of the hole when 
the top of the test piece tends to follow the cord downwards, 
pulling the top sides inward. 
Factors (2) and (3) being governed by test piece construction and 
rigidity these types of deformation are schematically represented in 
Figure (2.26). 
'The consideration of these factors gave a chance to propose an 
expected pattern for graphs of pUll-out force plotted against hole 
diameter~. At small hole sizes, stress concentrations arising from 
an insufficient amount of participating rubber cause erroneously low 
values. These effects should diminish with increasing hole size until 
for a sufficiently rigid test piece, a critical amount of participating 
rubber is surpassed when adhesion is measured under uniform stress 
conditions to give a plateau on the graphs. At the large hole size, 
the resulting decrease in support for the test piece will enhance defor-
mations (2) and (3) to decrease pUll-out values again. Hole size cho-
sen for a standard test should ideally lie near the middle of the 
graph plateau for all cords (see Figure 2.27). 
The DMP test developed above has been compared with other tests(llO) 
such as the EC test, ASTM 229-73 test and the CMP test. For the hole 
cord range only the DMP and EC tests consistently gave high adhesion 
values (rated 100 in Table 2. 6). From many test data the relative 
adhesion from the other compromising tests is considerably below 100 
for part of all of the cord range, due to the various forms of rubber 
deformation which apply. In Table (2. 6) the word 'technical expe-
diency' implies how well a particular test minimises deformation. In 
more detail, the CMP test pull-out force is not applied isotropically, 
a factor mainly influencing the largest cord (high magnitude) situation. 
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Conversely, the ASTM 02229-73 test whilst isotropic in nature, imposes 
no rigidity in the test piece so that 'V-shaped' .distortion occurred. 
Both these disadvantages apply to the Harp test although a fabric 
reinforced modification of this test (minimising V-distortion) 
becomes similar to the CMP test. However such deformation has been 
minimised in the DMP test. 
All compromise tests including DMP, are easy to prepare (rela-
tive to the EC test) and, with the exception of the Harp tests, many 
more cords are available for extraction. 
2.2.2 Dynamic Adhesion Tests (D.A.T) 
This is the method where the test is carried out under repeated 
compression, shear or tension at high or low temperatures for samples 
having different shapes. 
The standard methods of determination of bond strength between 
rubber and fibres or cords are of static type and do not give a clear 
assessment of the bond strength of multiple rubber structures which are 
subject during use to temperature influences and to complex deformations 
which are repeated many times, therefore, many attempts were made by 
many scientists to create and develop many of the D.A.T(lll) which are 
now in use. 
Bourgois and coworkers have made an attempt to simulate the adhe-
sion failure oc~urring in steel cord tyres in their test where cylindri-
cal specimens were employed (or Pirelli 'type specimens) as shown in 
Figure (2.28). The testing machine used is a new machine which was 
designed to fatigue sixteen specimens at once under alternating shear 
stress. The machine design is shown in Figure (2.29). Because of the 
axially symmetrical geometry of the pirelli-type specimen, fatigue 
can easily be obtained by holding the cord ends at both sides and moving 
the steel cylinder with a given amplitude. A pUll-out test can be conduc-
ted on the same specimen after a given number of cycles. The main advan-
tages of this set up are the simple test specimens which are easy to 
prepare and to produce, and which also contain a well defined and simple 
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FIGURE 2.28 Principle of the Pirelli-type cylinder test 
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FIGURE 2.29 The new dynamic adhesion testin9 machine 
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stress system. Because of this simple stress system in this kind of 
test specimen, the test becomes unambiguous and more selective (it only 
,measures dynamic adhesion). The capacity of the mentioned machine 
amounts to 16 specimens at the same time. The specimens are clamped 
in a cavity that can be maintained at any temperature between room 
temperature and 2000 C. The type of loading is strain cycling with an 
amplitude adjustable between 0 and 14 mm (peak-to-peak) at a maximum 
speed of 2000 rev/min. The cord ends are clamped in two heads of which 
one is provided with a strain gauge. By means of those strain gauges, 
the evaluation of the dynamic force on the specimen can be recorded as 
the test proceeds. 
The electronic system introduced with the machine was not meant 
to be an essential part of the test. It was connected to the machine 
only because it was believed that it might contribute to a better know-
ledge of the test. Later on it turned out differently because it was 
experienced that the decrease in static adhesion after a given number 
of cycles, even just before total failure, was not as clear as was at 
first assumed. It could not therefore be used as an unambiguous measure 
for the dynamic life of an adhesive. The choice of the time or number 
of cycles to total failure has been preferred as a measure for dynamic 
adhesion rather than the rate of decrease in static adhesion during 
the test. Failure time can easily be determined by means of the elec-
tronic measuring system. The curves of the recorded dynamic shear 
force very clearly show when the specimen fails (see Figure 2.30). It 
was found that, for most rubbers, these curves are very similar to those 
representing the evaluation of the remaining static adhesion during the 
test. These curves clearly reveal what happens during the test. During 
the first cycles, quite important drop in dynamic force can be observed, 
together with an associated drop in static adhesion. Because of the iner-
tia of the measuring equipment (time constant 1 second), this is not shown 
by the recorded curves. After this initial change, nothing seems to happen 
until almost suddenly total failure occurs. This explains why the drop 
in static adhesion is not clearly related to the time to failure of the 
test specimens. It might be interesting to mention that the present work 
has been done on steel cord adhesion in tyre compounds and there are 
indications .. that the pattern of failure may vary considerably for other 
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TESTING TEMPERATURE 115°C 
TESTING AMPLITUDE 2 mm 
TESTING SPEED 1500 R.P.M. 
0-3 0-4 0-5 0·6 
NUMBER OF CYCLES 
FIGURE 2.30 Cure of the recorded dynamic shear force, 
showing clearly when the specimen failed 
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FIGURE 2.31 Curve of the recorded shear force taken 
on a specimen using a different adhesion 
compound 
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types of adhesion compounds, such as those used for steel reinforced 
high pressure hoses. Indeed, examples were found in which the curve 
of the recorded dynamic force, and consequently of the remaining static 
adhesion was quite different from the example shown in Figure (2.30). 
An example of such a curve is given in Figure (2.3l). Therefore, it 
is found that it is always necessary to examine first the recorded dyna-
mic force curves in detail before comparing two compounds on the basis 
of their time to total failure. 
The mechanical properties and dynamic and static adhesion were 
measured for three industrial compounds as shown in Table (2. 7). The 
first interesting result is that the magnitude of the dynamic shear 
stress at the cord surface does not seem to be correlated with the hard-
ness but it is correlated with the modulus at 300% elongation. 
The adhesion results of the common H-test and the Pirelli-type 
cylinder test are given in pull-out-force and pull-out-shear stress. 
When comparing the results of both tests, it becomes clear that the 
shear stress that can be applied to the adhesion interlayer is far 
greater in the Pirelli-type test than in the H-test. This explains why 
the Pirelli-type test offers a better differentiation of the adhesive 
strength of the various bonds. For these three compounds, the ranking 
of the result of the dynamic tests at 350 C is the same as that of the 
results of the static Pirelli-type adhesion tests. The good results for 
compound III at 350 C are even more exceptional when the very high dynamic 
shear stress applied to the cord surface is taken into account (shear 
strain being constant for all tests). Another interesting characteris-
tic of these results is the effect of increased temperature. The soften-
ing because of the increase in testing temperature is determinable from 
the measurement of the dynamic shear stress (at the start, at 350 C and 
850C). Compound I proves to be very temperature sensitive, followed by 
III and 11. The influence of the tempera~ure on the dynamic adhesion is 
largest for compound Ill. 
Other types of dynamic tests have been invented and developed such 
as the Ounlop Multicord test(112), the Oscillatory shear dynamic test by 
Vorachek and Cousa(113) and the dynamic wire adhesion test by Wagner and 
Howitt(114). All these dynamic tests were invented to simulate conditions 
experienced by tyres in service. 
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TABLE 2.7 
Compound formulations used and their dynamic adhesion results 
A. 
Mechanical Properties Compound I Compound 11 Compound III 
Tensile strength 
(MN m- 2 ) 24 19.5 20.2 
Modulus 300% (MN m- 2 ) 12.6 15.8 19.1 
Elongation at Failure 508 361 312 (%) 
Tear Resistance 10.4 6 5 (Nm- 1 x 10 3 ) 
Hardness (OIRHD) 70 77 73 
Dynami c Force 116 129 147 (Newton) 
RMS value at the start 
of the test 350C 116 129 147 
850C 97 121 139 
Dynami c shear stress 
(MN m- 2 ) 
RMS value at the start 
of the test 350C 1.23 1.4 1.6 
850C 1.00 1.3 1.5 
B. 
Adhesion Properties I II III 
Static test H-type-pull 900 730 940 
out force (N) 
- shear 
stress at failure 9.4 7.7 9.8 
(MN m- 2 ) 
Pirelli type-pull out 
force (N) 1140 1540 1790* 
-shear 
stress at failure 11. 9 16.1 18.6 (MN m- 2 ) 
Dynamic test 
(number of cycles)350C 116.900 857.500 1330.000 
to failure 850C 135.00 680.000 657.500 
Testing Conditions Static Test: ASTM D412-51T(C) 
ASTM D624-54(C) ASTM D229 (1 inch 
embedded length) 
Dynamic Test: 1500 rpm, 2 mm displacement 
Test cord used: 3 x 0.20 + 6 x 0.38; Cord diameter 1.2 mm 
Coating composition: 70% Cu - 30% Zn 
* Test cord failure 
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The Dunlop Multicord test simulates these conditions by putting 
the sample under a series of compressive and relaxive cycles, "each 
compression causing tensile stresses in the cords and shear stresses 
at the bond interface. Multicord test pieces are used, as shown in 
Figure (2.32) which comprises six parallel steel cords embedded at 
regular intervals along the centre plane of a rubber test piece moulded 
in the shape shown. A simulated tread-bar runs across the middle of each 
of the two large faces in a direction normal to the cords. The test piece 
thickness is kept constant within any comparative study. The width of 
each tread-bar is 25 mm at its base and 20 mm at its outer surface. 
Testing normally commences 1 to 3 days after curing. The test 
equipment is based on a punch fatigue tester(115) set to a punching rate 
of 187.5 blows/min. Testing can be performed at elevated temperatures by 
the use of a punch tester fitted with a hot air oven. An automatically 
adjustable table carrying the test piece maintains the required testing 
load which is invariably set between 6.5 and 8.5 KN. This load (which 
more strictly is the maximum compressive force applied during each 
punching cycle) is monitored throughout the test at pre-set intervals. 
The test piece is incorporated into the bond-failure detection 
system and is fitted by its lower tread-bar into shallow slots in the 
table, a little natural rubber solution being used as a weak adhesive. 
The upper tread-bar is lightly dU5ted with talc to minimise any sticki-
ness throughout the test. 
A 'double-headed' system can be used on those punch testers which 
possess no oven, to allow the simultaneous testing of pairs of specimens. 
When under test the test piece is heated internally by absorbed mecha-
nical energy and (when appropriate) externally by the ov~n set so that 
the required temperature can be obtained in the potential failure region. 
A thermocouple may be incorporated in the test piece to allow the oven 
setting to be monitored. 
The detection of failure utilises the dependence on temperature of 
the electrical resistance of the steel cords. The incorporation of the 
test piece into the failure detection system before testing, involves 
the connection using crimp collars and solder of the six steel cords 
under test in such a way that they constitute two arms of a bridge circuit. 
Figure (2.33) illustrates the system schematically and shows how the other 
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REPEA lED 
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FIGURE 2.32 
... ::~ 
A multicord testpiece and the mode of 
shear application during testing 
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two arms of the circuit are made up by a balance potentiometer. The 
constant current supply involves milliamperes only necessitating the 
use of amplification. The degree of balance in the bridge circuits 
shear on 5 mV recorder. 
[est pieces are always opened and buffed after the electrical 
detection of failure. so that if failure has obviously occurred 
much earlier or if there have been two or more failures. the correct 
time (and associated number of punches) to initial failure is obtained 
by re-examining the trace on the recorder chart to find the appropriate 
first small shift. 
An example of the reproducibility of this multicord adhesion 
test from four replicate test pieces is shown in Table (2.8). The 
coefficient variation is only 3%. although it is recognised that four 
tests represent a small sample for a statistical appraisal and that a 
good selection may have been fortuitously tested. Figure (2.34) shows 
clearly the influence of cure and testing load on the dynamic adhesion. 
For a single testing load. the adhesion value passes through a maximum, 
the optimum· cure shown being 20-25 cure units. The effect of each 
increase in the testing load is successively to diminish the values of 
the dynamic adhesion maximum. At excessive loads the maximum disappeared 
to become indistinguishable from other regions of the curves. Temperature 
effect on dynamic adhesion is shown clearly in Figure (2.35), where it 
can be :stated that increasing the temperature diminishes the dynamic 
adhesion maxima. At the same time the work has covered a comparison 
experiment showing the effect of brass thickness on the adhesion using 
the static D.M.P. method as well as using the dynamic multicord adhe-
sion method (see Figure 2.36). 
A new type of test called the Oscillatory Shear Dynamic Adhesion 
Test was introduced to resemble the actual rotating condition of the 
tyre where the side wall and tread experience high tension, compression 
and shearing strain. Experimented stress analysis of tyres has established 
the nature of the shearing strains in tyres. Strain data(116) obtained 
at the sidewall and crown of bias and radial ply tyres are reproduced in 
Figures 2.37 and 2.38. These data were obtained with liquid metal strain 
gauges mounted on the surfaces of the tyres at speeds of 3.2 Km/hr and are 
plotted as a function of angular position with respect to the tyre foot-
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TABLE 2.8 
Multicord adhesion data for four replicate test pieces 
Replicate test Number of Punches to 
initial failure 
1 175000 
2 186000 
3 183000 
4 180000 
Mean 181000 
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print (0 position). It is apparent that shearing strains peak in the 
footprint region and are in one direction for the test condition imposed. 
An indication of internal tyre strain(117) is reproduced in Figure (2.39). 
Photoelastic coating techniques on a cross-sectional segment at the 
centre of the footprint of a radial tyre under simulated static loading 
were used. Shearing strain is maximum near the belt edge. 
In this test a sinusoidal shear stress is applied to the cord/ 
rubber interface. The primary features of the test are depicted in the 
schematic of Figure (2.40). Two variations of the test are shown. 
In the first, the stroke or load function, which is programmed to the 
specimen, is a Haversing' where the function varies in a sinusoidal form 
from a zero value to a maximum value. In the second variation, the stroke 
or load program is a sine function. A standard! inch wide static block 
adhesion sample is used(118). Steel cord is embedded in rubber blocks 
which are! inch high. A curing time of 35 minutes at l550 C is based 
on rheometer data for optimum cure. The rubber block is clamped firmly 
into a stationary holder which has a slot width of 3.2 mm at the emer-
gent end of the steel cord. The tyre cord used was a strand made up of 
five 0.35 mm diameter filaments. Other properties of the cord are 
listed in Table (2.9). 
A' hydraulic actuator is used to apply load to the steel cord. 
With the Haversing program the steel cord is secured directly to the 
actuator with a smooth faced clamp and tension is applied. For the 
sine program, each of the steel cords is secured to a frame, which, in 
turn, is fastened to the hydraulic actuator. Tension is applied alter-
nately to the upper and lower end of the cord in each half cycle of 
motion. 
The M.T.S. (Material Test System) is used to load the sample and 
read out test parameters. This system is a closed loop electrohydraulic 
test machine. Periodic functions of stroke or load can be programmed 
to the hydraulic actuator over a wide range of frequencies. The load 
in the test specimen is accurately measured with a strain gauge load cell 
and the actuator stroke with a L.V.O.T. (Linear Variable Differential 
Transformer). Both transducers are a part of the test machine. Readout 
of parameters is accomplished with a high frequency response pen recorder 
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BELT PLIES 
FIGURE 2.39 Distribution of maximum shearing strain at edge 
of innermost tread ply at centre of footprint 
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FIGURE 2.40 Schematic of Oscillatory Shear Test 
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TABLE 2. 9 
Properties of 5 x 0.25 steel tyre cord sample 
Cord Construction 
Filament diameter (mm) 0.25 + 0.1 -
Cable diameter (rrm) 0.67 
·Lay (nrn/ tu rn ) 9.55 + 0.5 -
Coating 
Copper 67.5% 
Zinc 32.5% 
Brass 5 g/Kg steel 
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and an oscilloscope. An environmental chamber is used to control the 
elevated temperature of the test specimen. 
The scanning electron micrographs showing the surface topography 
of the steel cords pulled out from the test specimens were obtained on a 
JEOL-U3 scanning electron microscope operating in the secondary electron 
mode. The samples were mounted at 450 angles on aluminium stubs and 
vacuum coated with gold-palladium. 
The electron microprobe analyses were run on a Material Analysis 
Company (M.A.C) electron microprobe equipped with a wavelength X-ray 
detection system. Figures (2.41) and (2.42) show the elemental study 
of the wire after and before the test using the probe analysis. 
The effect of temperature and % stroke on dynamic adhesion prop-
erties are shown in Figures (2.43) and (2.44). Dynamic load decay as a 
function of kilocycles (or time) is plotted as well as the static load 
versus elongation characteristic. 
two temperatures: 220C and 1000C. 
The figures represent the effects of 
It is apparent that the static 
modulus, the maximum load and the elongation at maximum load all reduce 
with increasing temperature. Similar results were observed at 750C and 
1250C. At each of the temperatures, the specimen was loaded with stroke 
control at several percentages of maximum static elongation. The curves 
clearly show that as the amplitude is reduced, the number of kilocycles 
to failure is increased. Failure is defined as the number of kilocycles 
for the dynamic load carrying capability to reduce to 20 Newtons. An 
examination of the failed specimens shows that, generally, rubber/rubber 
failures occurred at higher amplitudes of motion and low temperatures. 
Further steel/rubber interface failures occurred at low amplitudes and 
high temperatures (say 40% amplitude and 1000C). A comparison of rubber 
and steel adhesion failures was shown(119). 
The effect of frequency of oscillation on kilocycles to failure 
is shown in Figure (2.45). Considerable scatter of data was observed 
for some specimens at 20 Hz. A trend line has been drawn and shows 
maximum of kilocycles to fail at about 10 Hz. Test conditions of 5 to 
10 Hz are desirable for Haversing stroke programs. Low frequency (5 Hz) 
was found to promote rubber/rubber failures over amplitude range of 15% 
to 60% of static ultimate elongation. High frequency (30 Hz) and low 
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TABLE 2.10 
Unifonnity data for dynamic adhesion test 
Static Adhesion Max Load 
Max Stroke (nnn) (Newton) 
Average 6.15 328.8 
Standard deviation 0.216 20.2 
Coefficient of Varia- 3.5 6.2 tion (%) 
Number of Specimens 4 4 
Dynami c Adhes i on % Adhesion 
Kilocycles to Failure Failu re 
(exposed cord 
area) 
Average 9.98 13 
Standard ~eviation 1.15 7 
Coefficient of Varia- 11.5 54 tion (%) 
Number of Specimens 20 20 
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amplitude (15%) was found to promote steel/rubber interface adhesion 
failures. The relationship of % stroke with kilocycles to failure 
(Figure 2.46) shows that it is relatively independent of frequency and 
can be approximated by one cure. 
Figure (2.47) shows clearly that as time increases the specimen 
elongation increases until adhesion failure occurs. It also shows that 
as a result of a creep experiment, the specimens have relaxed to a 
static 'elongation which is less than the final elongation at failure. 
Ageing dynamic action was found to cause a deterioration of the cohe-
sive or adhesive bond. The failure with load control were all rubber 
failures. The results of a statistical study for evaluating future 
results is given in Table (2.10). 
The temperature/time histonr (Figure 2.48) indicates that there 
are no major temperature variations during dynamic tests. A slight 
(less than 5%) increase in temperature of the specimen above the test 
" chamber temperature is observed due to hysterotic heat build-up during 
dynamic tests. Peak variation is reached in approximately two to three 
minutes at which time the temperature begins to descend. 
Therefore it was concluded from these studies using this type of 
oscillatory dynamic test that sustained applications of interfacial 
oscillatory shear stress result: (1) in a change in the fractographic 
features of the rubber at the interface, with concomitant appearance of 
areas showing steel/cord/rubber adhesion failure, and (2) in an increase 
in the concentration of sulphur at the steel/cord/rubber interface, 
(3) low amplitude stroke oscillations with high temperatures (1000 C) 
promote steel/rubber interface failures. High amplitudes with low temp-
erature (200 C) promotes rubber/rubber interface failures. 
w 
o 
UJ 
er 
=> 
110 
!;:( 105 
er 
UJ 
"-
:I: 
UJ 
>--
1001:-__ -
155 
95~_L_ ____________ ~ ______________ ~ ____________ ~ 
0·1 1·0 10'0 100'0 
TIME - MINUTE 
FIGURE 2.48 Temperature at cord durin~ dynamic test 
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CHAPTER 3 
SPECIMEN PREPARATION AND "TESTING 
3.1 Introduction 
The present work was aimed at the study of rubber to metal 
bonding which finds it application mainly in tyre industries. As 
natural rubber is by far the most widely used rubber in tyre produc-
tion, it was chosen for the present work to assess its adhesion with 
metal. Though brass plated wire cord is mainly used in tyre rein-
forcement, a single brass plated steel wire (0.3 mm diameter/0.2~ 
thick brass plate coating) was used throughout the investigation in 
order to examine the actual bonding strength quantitatively and 
qualitatively. 
The technique used for mixing, moulding, physical testing and 
adhesion testi~ are described in the following sections. 
3.2 Mixing" of Rubber 
The seletted rubber RSS1, was thoroughly masticated on a two roll 
mill of 850 cc capacity. The temperature of 500 C and other conditions 
during mixing were used in accordance with BS 1673. Addition of com-
pounding ingredients were done in two different orders, depending on 
the identity of the mix. The following mixing order was used for non-
silica containing formulation: 
RSS1-----. Activators ------I.-Fillers -----oo--Bonding 
Agents ---.. -Accelerators -----1--Curing Agents 
In silica containing formulation, the activators were added after silica 
in order to avoid any silica/activator interaction as reported(120). 
The order of mixing used for such formulation was: 
RSS1------I .. -Silica -----I--Activator ----_ Fillers ----0 .. _
Bonding Agents -----..... -Accelerators ---..... -Curing Agents 
( 
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It was found necessary to run cold water through the two roll mill 
to prevent viscosity reduction. After the mixing operation the 
rubber was refined six times before it was finally sheeted out. 
3.3 ~bber Curing' 
The compounded rubber was stored for 48 hours allowing unknown 
chemical reactions to go to completion after which its vulcanizing 
characteristic was determined using Monsanto Oscillating Disc Rheo-
meter (ODR). In this type of rheometer the sinusoidal oscillation 
of a biconica1 disc (see Figure 3.1) embedded in a certain amount of 
unvu1canized rubber sample enclosed in a pressurised temperature con-
trolled cavity exerts a shear strain on the sample. As changes occur 
in the physical character of the sample throughout the curing cycle, 
the resistance to the oscillation of the disc varies in proportion to 
the apparent stiffness (shear modulus) of the specimen. This torque 
value is measured and recorded as a function of time. Thus, the 
viscosity prior to vulcanization, the maximum shear modulus of the 
vulcanized compound and the behaviour of the compound during vulcani-
zation can be determined by examining the cure curves (see Figures 
3.2, 3.3). Normal curing tests are accomplished between 1000C and 
2000C. In this investigation all curing was carried out'at 1500C. 
Scorch and processing safety 
tc(x) represents cure time to (x) percent of full torque deve10p-
ment. 
It is recommended that x = 0.2 N.m- 1 for scorch or processing 
time and that (x) be 90% for cure time. 
90% and 95% cure state 
tc(x) = cure time, 
i.e. time for torque to increase to 
ML+(~ - ML )X 
. lOO . where 
FIGURE 3.1 
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Figure 3.2 Typical cure curves showing the maximum torque, the 
minimum torque and the reversion phenomena 
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usually x = 0.9 : 90% theoretical cure or 
0.95:95% 
Cure rate index 
lOO 
tc(x) - tsx and 
this parameter is proportional to the average slope of the cure rate 
curve in the steep region. 
3.4 Rubber Mowl di ng 
The compounded rubber sheets were then prepared for the moulding 
stage where the physical testing and adhesion testing specimens were 
to be made. 
A simple straightforward compression blank mould was used to 
obtain some rubber blank sheets. The blank sheets were cut using 
special cutters to prepare the physical testing specimens. Mould used 
ha.d a 93 cm' cavity volume, where the blank produced was 2mm in thick-
ness. A different special mould was employed to prepare the hardness 
test pieces. 
Adhesion specimens were prepared using a specially designed mould 
(see Figure 3.4). The actual bonding of rubber to the brass plated steel 
is taking place inside this mould during the vulcanization process, 
where the wire is placed in tension as a sandwich between two layers of 
rubber. The roll of brass plated steel wire used for test specim~n 
preparation, was always kept in a dessicator with dry silica gel to 
prevent any moisture attack. The wire was normally taken out from 
the dessicator just before use in the mould. A special cleaning proce-
dure was used for both the wire and the rubber. Wiping the wire with 
CC1 4, trichloroethylene and acetone for several times before use, was 
found to be necessary to eliminate any lubricating oil (left behind from 
the drawing process), dirt, moisture and any traces of the chemical sol-
vent being used from the wire surface. Rubber surfaces (which ought to 
FIGURE 3.4 
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A B 
c o 
Showing the compression mould used in the present 
investigation where it consists of four parts A, 
B, C and D. Those parts are designed to fit one 
over the other 
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be in contact with the wire). were also wiped with trichloroethylene 
and then acetone 
surface. re.ady 
20 tons/m2 and a 
project. 
to remove any dirt and to create a fresh new rubber 
for bonding. Moulding was done at a pressure of 
temperature of 1500 C all the way through this 
3.5 Rubber Testing 
For evaluating the vulcanizect rubber compound properties. 
British Standard methods were employed to carry out the important 
physical tests. 
A. Physical testing 
All the physical tests were carried out using the vertical Houns-
fielrl machine at a speed of 20 cm/min and at room temperature. 
Two types of cutters were used to prepare samples for the physical 
tests. A dumbell shape cutter was used to prepare specimens for ten-
sile. modulus and elongation (Figure 3.5a). The tear test had a 
different specimen shape cutter (see Figure 3.5b). 
The definition of each test. as well as the way of performing 
it. will be listed later in this section to provide a good under-
standing for each test. 
1. TensiLe strength(12l): 
It is the maximum tensile stress reached in stretching the test 
piece to breaking point. It is calculated as the applied force per 
unit area of the original cross section of the test length (units 
MN m- 2 ). A special formula is available to calculate the tensile 
strength as follows: 
Tensile Strength Force to Break 
= "C::-ro"':s=--=s::-;:S:'::e-=-crt ,,",' o=n:-::a-T'-=-A""r=e=a 
where tensile stress is the stress applied so as to stretch the test 
piece (units MN m- 2 ). and tensile strain is the elongation. expressed 
as the percentage of the original test length. produced in the test 
piece by a tensile stress (units MN m- 2 ). 
Q 
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BS903: PART A2:1971. Type N~ 1 
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t1ARK5 
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FIGURE 3.S 
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2. Modulus at a given tensUe strain(122): 
- is the tensile stress in the test length when subjected to a 
given strain. It should ,be noted thatthis is different from Young's 
modulus or shear modulus (unit MN m- 2 ). The formula 'for calculating 
the modulus is: 
Modulus at xX elongation _Force at xX Elongation 
- Cross Sectional Area 
3. Elongation at break(123): 
- is defined 'as the tensile strain in the test length at the 
breaking point (unit X). The vertical Hounsfield tensometer gives 
a direct reading of elongation. 
4. Tear strength(124): 
- is the force required to cause a nick, cut in a. rubber test 
piece, to extend by the tearing of the rubber, the force acting in a 
direction substantially normal to the plane of the cut. The same 
vertical Hounsfield tensometer was employed to do the test. The follo-
wing equation was used to calculate the tear strength: 
\ F 2F Tear strength =.~ = If 
where: F = maximum force in Newtons 
t = thickness in mm of test piece 
ts = standard thickness of test piece, 2 mm. 
5. Hardness(125): 
- is a modulus measured at very small deformations, commonly by 
the use of indenter devices. The apparatus used'was the British Stan-
.dards Hardness Tester (unit IRHD). 
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B. Adhesion Testing 
From the bonding mould mentioned in the previous section, a 
bonded brass-plated steel to rubber was obtained, as shown in Figure 
3.6a. To prepare the samples, all the wires between the solid arrows 
were cut as well as cutting through all the dotted arrows. An H-shape 
specimen was prepared (Figure 3.6b). Bond strength was determined by 
means of an Instron tensile machine using a rate of grip separation 
speed of 5 mm/min. Special grips were used(126) for holding the H-
shape samples to the tensile machine (see Figure ;1...16). Bond strength 
was calculated from the expression: 
Bond strength = Force to Rupture MN.m-2 
. 1T.d.R. 
where d and R. are the diameter and the length of the wire in contact 
with the rubber. In addition to the mechanical strength measurement 
of bond strength, observation and assessment was made of the amount of 
rubber left attached to the surface of the wire after bond failure and 
this is referred to as rubber coverage. The wire was considered to have 
four sides (each covers 25% of the total % coverage) each of which was 
examined for percentage rubber coverage over the bonded area using a 
stereozoom microscope and the total percentage coverage of all four 
sides summed to give the rubber coverage. All bond strength results 
reported represent the average of 15 test specimens. 
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A 
B 
FIGURE 3.~ . Showing a test specimen coming out straight from the 
mould (A). By choppinq the wire between the arrows 
from both sides .and then cutting the rubber along the 
dotted line, six test pieces in the shape of (B) will 
fonn. 
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CHAPTER 4 
EFFECT OF ·COMPOUNDING ADDITIVES AND BONDING AGENTS ON 
ADHESION OF N.R. ·TO BRASS PLATED STEEL WIRE 
4.1 Introduction 
Si nce the di scovery of rubber-metal bondi ng in t he eighteenth 
century, significant developments have taken place and at present 
this phenomena is commonly used in the tyre industry, hose building 
and anti-vibration equipment etc. A number of investigations have 
been carried out by researchers to find a better bonding system(126, 127,128). 
Arthur E Hick (129) has done a detailed study on the effect of different 
compound additives on bonding of N.R. to brass plated steel wire. He 
investigated the loading effect of zinc oxide, stearic acid, pine tar 
and sulphur on adhesion using base formulation A, shown below in 
Table (4.1), whereas formulation B (in the same table) was used to 
study alone HAF black loading. The results given in Figlfres 4.1 to 
4.4 suggest a sharp increase in adhesion with the loading of stearic 
acid and pine tar up to 2 pbw, thereafter a sudden drop in adhesion 
value was observed. Adhesion seemed to have been less affected by zinc 
oxide loading which is contrary to carbon black and sulphur which 
showed a continuous increase in bonding as their amounts increased. 
In his comparative studies of different accelerators, Hick suggested 
a qualitative adhesion rating of these ingredients, given in Figure 
4.5. Accordingly thiazole and sulphenamide yielded good adhesion, 
while the performance of thiurams (both mono and disulphides) was 
poor. The dithiocarbomates gave an intermediate level of adhesion. 
4.2 Experimental 
In the present work the effect of a wide range of compounding 
ingredients on adhesion was studied. Various accelerators belonging 
to different chemical classes were employed and these were observed 
to have a significant influence on rubber-to-brass bonding. Similarly, 
carbon blacks of varying particle size and silica were shown to play 
a dominant role in adhesion. An optimum level of these ingredients/ 
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TABLE 4.1 
Wire adhesion compounds(120) used by Arthur & Hicks 
Ingredients A B 
NR (Crep~) 100.00 100.00 
Carbon black (HAF) 4S.00 SO.OO 
Zinc oxide 3.00 8.00 
Pine tar 2.00 2.00 
Steari c aci d 4.00 2.00 
Antioxidant 1.S 1.S 
Sulphur 2.7 3.0 
Mercaptobenzothiazo1e 0.9 -
Benzothiazy1 disulphide - 1.2 
TOTAL: lS9.l 167.7 
-------
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fillers were evaluated. Also two integral bonding agents were chosen 
for present work. namely triazine and resorcinol/hexamethylene tetra-
mine both of which were recently introduced for rubber-to-brass plated 
steel wire bonding applications. 
4.3 Effect of Accelerators 
The accelerators used in the present work are given in Table 4.2 
with their chemical structure and suppliers. These accelerators were 
used in the formulation based on two compounding additives. i.e. 
activator and curing agent. Other ingredients like plasticizers. 
fillers. antioxidants and anti o:z.i nal'lls etc. were avoided to prevent 
any unnecessary interference. 
The accelerators used can be classified according to their chemi-
cal groups. viz sulphenamide. thiazole and thiurams are shown to have 
marked influence on curing rate in the order of: 
sulphenamide < thiazole < thiurams 
The formulation and results obtained are given in Table 4.3 which 
suggest that the accelerators. e.g. DCBS and CBS having longer delay 
action curve times. tend to give higher bond strength. Moreover these 
accelerators gave significantly higher tensile strength material and 
rubber coverage when compared to thiruam which yielded both poor strength 
materials and coverage. 
4.4 Effect of Carbon Black 
Carbon blacks of different particle sizes used are given in 
Table 4.4 with their supplier's name. Each black was loaded from 
10 ppw to 60 ppw in order to study the effects of loading on bonding 
properties. 
4.4.1 HAF black 
The HAF black having particle size of 29 nm. was used at different 
levels of loading in order to determine the optimum level which gives 
TABLE 4.2 
Accelerators used with their commercial supplier 
Accelerator Accelerator Accelerator 
Commerci a 1 Chemical Accelerator Chemical Name and Structure Commercial 
Name Abbreviation Supplier 
Vu lcafor DCBS DCBS ((N~ -® N,N-dicyclohexyl- Vulnax International Ltd \ c-S - N benzothiazyl sul-~ . s/ '® phanamide 
C(~ -0 Vu 1 caf or CBS CBS I c-s-f' fi N-cyclohexyl- 11 11 11 
..? 51 H benzothiazyl sul-
phanamide 
Vulcafor MBT MBT o:~-S\\ 2-mercoptobenzo- 11 11 11 ~ 5/ 
thiazyl 
CXN~ 4NO " c-~-~-c Vul cafor MBTS MBTS ~ \ ~/ '5 ">-... ibenzthiazyl 11 11 11 
Dis~lphide 
cH /H1 3, . 
Vulcafor TMTM TMTM III-C- S-C-N ...... Tetramethyl thiuram 11 11 11 _ /,' I C.HJ 
C III CH] Ut]. monosulphide 
CII 
Vulcafor TMrD TMTD c,~ / 3 thiuram 11 11 11 'tv_c _&_ S - c - IV...... Tetramethyl 
/ 1 \ <.1-11 disulphide 
Cri] c~l C\\l 
. 
, 
TABLE 4.3 
Effect of Accelerator Type on Bond Strength in Unfilled NR 
Acce 1 era tor Cure Rate Properties Bond Rubber Tensile Strain Tear Hardness 
at 0.7 at 1500C Minutes Strength Coverage Strength at Break Strength 
phr t2 MN m- 2 % MN m- 2 % MN m-I 
IRHD 
90% 
Scorch optimum 
cure 
DCBS 9 53 12.5 93 16 770 35 42 
CBS 9 20 13 87 19.5 650 37 50 
MBT 5 19 5.5 85 18.5 750 49 44 
MBTS 8 19 4.5 60 17 750 59 44 
TMTMS 6 11 nil 4 3 320 18.5 50 
TMTD 7 10 1.5 17 1.5 230 22.5 51 
(Mix: NR 100, Zinc Oxide 10, Stearic Acid 3, Sulphur 4). 
TABLE 4.4 
Carbon black used, its commercial and scientific names, and supplier 
Type of Carbon Black Classification Particle 
and Commercial Name ASTM D2516 Size Suppl ier 
nm 
HAF (Vulcan 3) N330 29 Cabbot Carbon 
SRF (Rega 1 SRF) N762 85 " " 
MPC (Spheron 6) S301 35 " " 
FT (Sterling FT) N881 180 " " 
. ·1 
- - -----------
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highest bond strength and physical properties. Results are shown 
in Table 4.5 and Figure 4.6 which indicates that the bond strength 
and other mechanical properties increase with the HAF loading until 
a maximum value whereby further loading caused a marked drop in the 
properties. The highest tensile strength of 23.3 MN m- 2 and bond 
strength of 16 MN m- 2 were achieved at 30 ppw whereas tear strength 
of 130 ,-,-' MN m-l was obtained at 40 ppw. A good combination of 
properties would be between 28-40 ppw of HAF black. 
4.4.2 MPC Black 
MPC black being a coarser material (35 nm) showed different 
tendencies towards bonding strength and required only 10 ppw to 
give maximum bond strength of 20 MN m- 2 • However the highest ten-
sile strength and tear strength were achieved at 40 ppw as shown in 
Table 4.6 and Figure 4.7. It is notable that the optimum level of 
10 ppw for good bond strength was observed to be three to four times 
lower than what was required for other blacks. This can be attributed 
to the chemical groups present on MPC black which may have an inter-
fering effect above this level. The effect of MPC black is further 
discussed in Chapter 8. 
4.4.3 SRF Black 
SRF black of particle size 85 nm was found to have approximately 
similar effects on properties as HAF. The optimum level of SRF black 
for good bonding strength and mechanical properties lies between 30 
and 35 ppw. The results are shown in Table 4.7 and Figure 4.8. 
4.4.4 FT Black 
FT black being six times coarser than HAF was employed in a similar 
manner as other blacks to study its effect on bonding and physical 
properties of N.R. Results are given in Table 4.8 and Figure 4.9. 
A good combination of bond strength and mechanical properties was 
achi eved at 30 ppw. 
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TABLE 4.5 
Effect of HAF carbon black loading on bond strength 
HAF Carbon Cure Rate Properties Bond Tensile Strain Tear Hardness 
Black at 1500C Mi nu tes Strength Strength at Strength IRHD Loading 
t2 90% 
MN m- 2 MN m- 2 Break MN m-I 
phr Optimum % Scorch Cure 
10 11 38 12 18.5 497 66.5 55 
20 9.5 40 15 22 505 52 57 
30 7.5 36.5 16 23.5 505 74.5 62 
40 13 35.5 15.5 23 485 131. 5 67 
50 6.5 32 15.2 22 332 120 80 
60 7 33.5 14.5 18.5 237 104.5 81 
(Mix: NR 100. Zinc Oxide 10. Stearic Acid 3. DCBS 0.7. Sulphur 4) 
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TABLE 4.6 
Effect of MPC carbon black loading on bond strength 
Cure Rate Properties 
MPC Carbon at 1500C Minutes Bond Black 
Loading t 90% Strength 2 MN m- 2 phr Scorch Optimum Cure 
10 11 63 18.5 
20 10 58 15.0 
30 9 57 12.0 
40 9 59 11.5 
50 7.5 58 1l.0 
60 B.8 53 1l. 0 
Tensile Strain 
Strength at 
MN m- 2 Break 
% 
19.0 661 
19.0 565 
20.0 542 
22.5 526 
16.0 376 
14.0 301 
Tear 
Strength 
MN m-I 
... . . 
34.5 
55.5 
66.5 
151.5 
129.5 
99.5 
Hardness 
IRHO 
.. 
47.5 
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TABLE 4.7 
Effect of SRF carbon black loading on bond strength 
Cu re Ra te Properti es 
SRF Carbon at 1500C Minutes Bond Black 
Loading t2 o ')~% Strength 
phr pt,mum MN m-
2 
Scorch Cure 
10 9 43.0 10.5 
20 8.5 42.5 13.5 
30 7 36.5 16.5 
40 6.5 37.5 17 .0 
50 6.5 36.5 18.5 
60 6.5 33.0 16.0 
Tensile Strain 
Strength at 
MN m- 2 Break 
% 
16.5 535 
24.5 622 
24.5 560 
24.5 467 
25.5 430 
23.5 362 
.. 
Tear 
Strength 
MN m-I 
40.5 
69.5 
119.5 
123.5 
126.0 
134.0 
. ... 
Hardness 
IRHD 
52 
55 
62 
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TABLE 4.8 
Effect of FT carbon black loading on bond strength 
Cure Rate Properties 
FT Carbon at 1500 C Mi nu tes Bond Tensile Strain Tear Hardness Black 
Loading ~2 Opt~2am Strength Strength at Strength IRHD 
phr Scorch Cure MN m-
2 MN m- 2 . Break %. MN m-l 
10 8 60.5 17.0 18.5 711 59.5 45 
20 8 55.5 17.5 19.5 630 60.5 50 
30 15 49.5 16 18.5 604 79.5 54.5 
40 8 45.5 20.5 17.5 570 75.0 54.5 
50 8 42.5 12.5 17 .0 546 77 .5 57 
60 7.5 42.0 15.0 16.5 510 76.5 60 
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4.5 Silica VN3 
Silica is the most important material for reinforcement after 
carbon black and due to its white colour finds application in a 
wide range of colour products. Because of its importance and appli-
cation in the tyre industry, the effects of silica loading on bonding 
and physical properties were studied in the present investigations. 
The mixing cycle for silica based mixes used was in the order: 
Rubbber ->- Silica ->- Activators ->- Acce1erators->-
... Cur'ing System 
This mixing cycle has already been described in Chapter 3 and the 
formulations for the present silica investigation are given in 
Table 4.9. 
It is notable that the amount of accelerator was increased 
correspondingly with silica loading to neutralise the curing delay 
effect due to silica. The results are given in Table 4.10 and 
Figure 4.10 - !t.11 which showed high tensi le strengths which remai-
ned fairly constant irrespective of silica loading. However highest 
bond strength was observed at 10 pbw which drastically dropped as the 
amount of silica increased. Thus the best combination of bond strength 
and other physical properties was achieved when 10 pbw of silica was 
used. 
On the basis of results it .can be concluded that the use of silica 
alone can yield equal or better properties than carbon black. The only 
disadvantage associated with silica is its high cost, but considering 
the amount of carbon black and silica required to achieve optimum 
properties it can be seen that the cost of the latter appears to be 
the same or slightly higher than the former. However, silica can·con-
venient1y be used instead of carbon black in such applications where 
non-black products are desired. 
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TABLE 4.9 
Formulations of an experiment for silica loading optimization 
Number of 
the mix 
Compounding A B C 0 E 
additives 
Natural ~bber (RSS1) 100 100 100 100 100 
Zinc Oxide 10 10 10 10 10 
Stearic Acid 3 3 3 3 3 
DCBS 1 1.25 1.50 1. 75 2 
Sul phur 4 4 4 4 4 
Silica (VN3) 5 10 15 20 25 
TABLE 4.10 
Effect of silica loading on bond strength and physical properties of N.R. 
Batch Curi ng Rubber Tensile Elongation 
Code Time Coverage Strength 
Si 1 i ca Min % MN m-
2 
% Loading 
A 40 90 19.5 757 
5 pbw 
B 41 lOO 22 754 
10 pbw 
C 39 85 20.5 729 
15 pbw 
0 43 10 24 675 
20 pbw 
E 44 5 19.5 700 
25 pbw 
Tear Hardness 
Strength 
MN m-I 
IRHD 
70.5 47 
95 47 
75 49 
123 55 
41 60 
Bond 
Strength 
MN m- 2 
17 
23 
15 
8 
6 
~ 
co 
co 
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4.6 Adhesion Effect of Integral Bonding Additive on N.R.-to-Brass 
Plated Steel Wlre 
Before the development of direct rubber-to-metal bonding system, 
a conventional method of adhesion was in use, where one or more adhesive 
layers used to be sandwiched between rubber and metal. In the recently 
developed direct rubber-metal adhesion system, an integral bonding 
additive is mixed with the rubber which tends to enhance the affinity 
of rubber to substrate resulting in effective adhesion. The two bonding 
agents studied in the present work were resorcinol/hexamethylenetetra-
mine* and Vulcabond SW, a triazine derivative**. These bonding agents 
were employed with both filled and unfilled rubber using formulations 
given in Table 4.11. Results are shown in Tables 4.11 and 4.12 
> ~ • .2. which indicates that in unfilled rubber formulation tria-
zine compound yielded higher bonding strength than control but with 
decreased coverage. Resorcinol/HMT on the other hand tended to 
retard adhesion and showed extremely adverse effects on bonding 
strength and coverage. This can be attributed to the chemical groups 
present in the bonding agent which may have reacted with sulphur resul-
ting in decreased mechanical properties and no bonding. This phenomena 
is discussed in Ch~pter 8. The carbon black in the filled rubbe- showed 
an improved bonding and coverage. Triazine in combination with black, 
gave 100% coverage with increased bonding strength. The performance of 
resorcinol/HMT when compared wi th the control of fill ed, rubber, showed 
decreased bonding strength by half which is in agreement with the assump-
tion mentioned above that the bon.-ling agent tends to react with sulphur 
giving no bonding or coverage. 
* 
** 
Used in the proportion 2.5/1.6 ppw recommended by suppliers 
(Manchem Ltd for resorcinol Cofill ll) and (Anelar of Hokins and 
Williams for HMT). . 
Used in the proportion of 2 ppw as recommended by suppliers 
(Vulnax·International). 
TABLE 4.11 
Influence of integral bonding additive systems (a) Resorcino1/~MT and (b) Triazine on bonding 
(Basic unit is NR lOO, ZnO 10, Stearic Acid 3, DCBS 0.7, Sulphur 4) 
No filler present Filler present 
Variable Control Resorcinol Carbon Black + Carbon Black Carbon Black 
DCBS Triazine and HMT +DCBS + Triazine + Resorcinol 
Control and HMT 
N330 Carbon Black - - - 30 30 30 
Triazine - 2 - - 2 -
Resorcinol - - 2.5 - - 2.5 
HMT - - 1.6 - - 1.6 
Rubber-Brass Bond 8.5 12 0 11.6 14.7 5.5 Strength MN m- 2 
Rubber Coverage of 75 50 0 98 100 80 ~Ji re % 
TABLE 4.12 
Influence of integral b~nding additive systems (a) Resorcinol/HMT and (b) Triazine on vulcanization charac-
teristics of mbber 
(Basic unit is NR 100, ZnO 10, Stearic Acid 3, DCBS 0.7, Sulphur 4) 
No filler present Fill er Present 
Variables Carbon Black+ Control Triazine Resorcinol Carbon Black Carbon Black + DCBS+Resorcinol DCBS and HMT ... + DCBS . ·DCBS·+·Triazine· 
... and HMT 
Initial viscosity 10 9 7.5 5.5 7.5 7 
Minimum viscosity 4.4 3 3.5 4 3 3 
T1 5.5 7 3.6 5 5.2 3.2 
T2 6.5 8.5 4.2 5.5 5.7 3.5 
State of Cure 
Peak 40 44.5 60 59 58 92 
90% 43.5 43.5 59 57.5 57 91 
95% 44 44 59.5 58 57.7 91.5 
Time to Opt. 
Peak 37 30 32 20 23 26 
90% 34 32 29 18.35 2l.4 23.65 
95% 35.75 33.5 30.5 19.2 22.1 24.83 
. . .. , . . .... . . 
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CHAPTER 5 
EFFECT OF WIRE CONTAMINATION AND 
AGEING ON ADHESION TO N.R. 
5.1 Introduction 
In the tyre industry wire is used in the as received condition 
in spite of emphasis laid down by research workers to have clean 
substrate surfaces for good adhesion. A1t.hough the storage period 
normally varies from a few days to several weeks, the wire surface 
is likely to be contaminated due to ineffective storage conditions. 
The contaminants present on the wire surface reduce the bond strength 
by separati~g the wire surface from the rubber surface. These con-
tamin'nts may be dirt, moisture, and lubricating oil (from the wire 
drawing process). The effect of 1ubri r ating oil was carefully investi-
gated by McConne11 and Richards(130) where different types of lubrica-
ting oils were evaluated in comparison to a standard cleaned wire 
as shown in Tables 5.1 (Ind 5.2. Lubricating oils were applied on to 
the wi re in two ways ei ther by di ppi n9 or by wi pi n9 o.nd then they were 
suspended vertically allowing the solution to evaporate. The reason 
1\Ot 
that lubricants were applied by immersion andLwiping, was that dipping 
seemed likely to leave a more uniform coating of material on the cord 
than swabbing. It was demonstrated that varying the weight of resi~ 
dual lubricant markedly affected adhesion as shown in Table 5.3 and 
Figure 5.1. 
The effect of nine lubricating oils at different concentrations 
studied are shown in Table 5.4. They found that fatty acid No. 1 
having a high degree of unsaturation, was the least detrimental to 
adhesion. It was stated that on the contrary to what might have been 
expected, adhesion does not always vary consistently with the weights 
of the coatings, the exception being diethenolamine which showed 
decreasing strength of bond as the weight of coating increased. 
They also observed that the lubricating material, with the excep-
tion of diethanolamine either decomposes or interacts with the rubber 
thus causing less harm to adhesion. Lubricants having a high degree of 
unsaturation (e.g. Fatty oil No 1) were therefore found to be least 
FIGURE 5.1 
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TABLE 5.1 
Materials (wire drawing lubricating oils) evaluated(130) 
Lubricant Competitor's Lubricant 
Fonru1ation Lubricants Additives 
7609 Mod I (a) Fatty Oil I 
9747 11 (b) Fatty Oil II 
1249 (c) Diocty1 ester of sodium 
sulfosuccinic acid 
1260 
1270 
1251-A (d) Tertiary amine ethylene 
oxide condensation 
1250-A products of a primary 
fatty amine 
1250-B 
1250-C 
1250-D (e) Acety1enic alcohol 
(f) Di ethano 1 ami ne 
(g) Su 1fonated petroleum oi 1 
, 
(h) Sulfonated tall oil 
(i) Wool grease (14% FFA) 
( . \ J, Silane I 
(k) Silane 11 
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TABLE 5.2 
Initial adhesion test data using different lubricating oils and 
different coating weight. 1% pqueous solution wiped on. 
The adhesion property is generally expressed as a fraction of weight 
in pounds required to pull an individual test wire divided by weight 
in pounds required to pull a piece of 'standard' cleaned wire. 
Fonnu 1 ati on Adhesion Coating Weight 
1270 0.90 0.60 
7609 0.86 1.37 
9747 0.97 0.20 
1260 0.84 0.63 
1249 0.89 0.50 
TABLE 5.3 
Effect of varying coating weight of lubricating oils on adhesion 
Average release ei ht ratio = Release we~ght of sample cord 
w g Release welght of cleaned cord 
Coating weights are in grams residual lube.per kg wire 
Fonnu- Wiped on in 50% aqueous solu- Pure fonn wi ped 
1ation pu re fonn tion wiped on on then wiped off 
Coating Adhesion Coating Adhesion Coating Adhesion Weight Weight Weight 
1270 13 .0 0.79 4.4 0.83 9.78 0.83 
7609 16.5 0.74 6.75 0.81 11.80 0.79 
9747 6.75 0.88 1.03 0.91 4.55 0.90 
1260 25.4 0.54 7.53 0.54 17.1 0.59 
1249 8.2 0.62 1. 10 0.72 5.8 0.72 
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TABLE 5.4 
Results of study on lubricating additive concentrations 
1% Solutions 5% Solutions 10% Solutions 
Variws 
Materials Coating Coating Coating 
Weight Adhesion Weight Adhesion Weight Adhesion 
(a) 
Fatty Oi 1 0.61 0.974 3.22 0.933 4.58 0.981 
I 
(b) Dioc-
tyl ester 0.35 0.926 2.75 0.928 8.28 0.968 of sodium 
su lpho-
succinic 
acid 
(c) Tert-
iary amine 
ethylene " 
oxide con-
densation 0.41 0.910 2.77 0.842 4.93 0.848 
product 
of a pri-
mary fatty 
amine 
(d) Acety-
lenic 0.65 0.885 2.59 0.896 6.78 0.888 
alcohol 
(e) Di- -
ethanol- 0.81 0.815 3.95 0.759 9.98 0.698 
amine 
(f) Sul-
phonated 0.43 0.82 2.5 0:79 4.4 0.60 petro-
l eum oil 
(g) Sul-
phonated 0.59 0.79 1.6 0.79 7.6 0.68 
tall oil 
(h) Wool 0.46 0.88 grease 1.1 0.86 6.4 0.84 
197 
injurious to adhesion possibly due to their relatively high rate of 
decomposition. 
MacConnell and Richards have drawn the following conclusions: 
1. The higher the degree of unsaturisation in lubricating materials, 
the less it is detriment to adhesion. 
increase saturation 
Fatty Oil I + tertiary amine + Sulphonated + Sulphonated 
ethylene oxide Petroleum oil Tall oil 
• 
increase bond strength 
2. Both of the silanes appear to be detrimental to rubber adhesion 
as shown in Table 5.5 and apparently under these conditions did 
not function as expected. 
3. The C-2 lubricant appeared to be more detrimental than any of the 
other new lubricant formulations tested. 
4. The new lubricant formulation 1250-C was significantly less detri-
mental than the other lubricants. 
5. The 1250-A and 1251-A formulations, which were based on the study 
of the lubricant components provided good adhesion. 
5.2 Experimentation Technigues 
In the present work the effect of wire surface contamination on 
adhesion was studied by employing treated and untreated wire. The brass 
plated steel wire was bonded to rubber in the as received form using 
the technique described in an earlier Chapter. The decontaminated wire 
was obtained by wiping it initially with carbon tetrachloride to remove 
any lubricating oils present on the surface (Figure 5.2). The wire was 
further treated with trichloroethylene to eliminate any moisture before 
it was finally wiped with acetone to get rid of chemical traces on the 
wire. The results of these effects are given in Table 5.6. 
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TABLE 5.5 
Effect of various lubricating formulations on adhesion 
Average release weight ratio = Release weight of sample cord 
. . Release welght of cleaned cord 
Coating weights are in grams residual lub per kg wire 
Materia 1 Adhesion Coating Adhesion Coating Adhesion Coating tested Weight Weight Weight 
g/Kg g/Kg g/Kg 
1250-A 0.90 2.35 0.93 0.83 0.96 0.03 
1250-G 0.91 2.15 0.91 1. 51 0.91 0.06 
1250-C 0.94 3.00 0.99 1.04 0.99 0.31 
1250-0 0.92 2.26 0.92 1.58 0.93 0.32 
Compet- 0.89 9.38 0.86 5.75 0.87 0.86 itor's I 
Compet- 0.86 3.49 0.85 1.08 0.88 0.44 itor's II 
1251-A 0.88 2.94 0.92 1.42 0.95 0.63 
Silane 0.40 3.34 0.37 2.11 0.57 0.78 I 
Silane 0.70 0.32 0.91 0.29 0.87 0.14 II 
-------- ._-
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FIGURE 5.2 Lubricating oil residues on filter paper after 
wiping the wire with CC1 4 
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TABLE 5.6 
Effect of surface cleaning on the rubber-brass bond strength 
Fonnul ati on of Bond Strength 
known high bond 
strength Treated Untreated 
Natural rubber (RSS1) 100 13.8 MN m-2 1.7 MN m-2 
Zinc oxide 10 
Stearic acid 3 Rubber coverage of wire after 
OCBS 0.7 bond rupture 
Sulphur 4 95% 12% 
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To study the wire ageing affect on adhesion a brass plated 
steel wire was aged at ambient temperature and humidity for two 
years. The results are g·iven in Table 5.7 for treated wire. 
5.3 Result and Discussion 
The effect of wire surface contamination studied are g~ven in 
Table 5.6. It was found that untreated wire resulted in very poor 
rubber-brass adhesion whereas treated wire in addition to high bond 
strength, yielded 95% rubber coverage. The enormous drop in bond 
strength with untreated wire can be attributes to the contaminants 
present on the wire. Thus is further confirmed when treated and 
untreated wire was examined through the scanning electron microscope 
(SEM). Figure 5.3 and Figure 5.5 shows photographs of treated wire 
free of contaminants with the exception of drawing marks and circled 
plating faults. The photographs of untreated wire in Figures 5.6 to 
5.9 clearly indicate highly contaminated wire surfaces which adversely 
affect rubber-brass adhesion. The bond strength of treated aged and 
unaged wire shown in Table 5.7 suggest that the bond adhesion decreases 
two to three times depending on accelerator used. The black stains 
indicated in Figure (5.10) taken from an ordinary microscope when mag-
nified in SEM, (Figures 5,11, 5.1.:2.) clearly show rust emerging from 
steel wire through the brass layer. 
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TABLE 5.7 
Effect ofshel.f ageing on.brass to rubber bonding properties' 
.' 
Accelerator (0.7 parts) DCBS CBS (control) I i 
, 
I 
Bond Strength Unaged 12.3 13.1 
MN m-2 Aged for i 6.25 4.3 I 2 years 
Rubber Unaged 75 78 
Coverage 
% Aged for 69 40 2 years 
. J 
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FIGURE 5.3 Shows treated wire free of contaminants (enlargement 
= 100 times) 
- -- - ~ -"----=-
FIGURE 5.4 Shows treated wire free of contaminants. Drawing marks 
are obvious (enlargement = 300 times) 
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FIGURE 5.5 Shows treated wire free of contaminants. Drawing marks 
and surface defects are obvious (enlargement = 1000 
times) 
FIGURE 5.6 Shows untreated wire (enlargment = 100 times) 
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FIGURE 5.7 Shows untreated wire. Dirt particles are obvious 
(enlargement = 300 times) 
FIGURE 5.8 Shows untreated wire. Dirt and other chemical residues 
are obvious (enlargement = 500 times) 
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FIGURE 5.9 Showing untreated wire. Dirt as well as surface cracks 
due to rust are obvious (enlagement = 1000 times) 
FIGURE 5.10 Showing surface blacking (stains) due to rust or lubri-
cating oil reaction with the brass 
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FIGURE 5.11 Showing cracks on the surface of aged wire (enlargement 
= 5000 times) 
FIGURE 5. 12 Showing rust coming out to the surface from beneath 
the brass layer (enlargement = 2000 times) 
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CHAPTER 6 
SURFACE ANALYSIS OF WIRE-RUBBER INTERFACE BY 
MEANS OF ESCA,PROBE MICROANALYSIS AND MICRO-
RADIOGRAPHY STAGE· TECHNIQUES 
6.1 ESCA (Electron Spectroscopy for Chemical Analysis) . 
6.1.1 Introduction 
ESCA is one of the currently available techniques used in the 
present work to analyse solid surfaces for relative concentration 
measurements of chemical constituents present on the surface. The 
other commonly used techniques are Auger Electron Spectroscopy (AES) , 
Secondary Ion Mass Spectroscopy (SIMS), including the sub category 
Ion Microprobe Mass Analysis (IMMA) and Ion Scatternng Spectroscopy 
(ISS). ESCA was chosen for the present investigation as this tech-
nique is non-destructive, permits quantitative analysis of oxide 
composition and is sensitive to change in chemical environments 
(e.g. Cu, Cu 20 and CuO can be clearly distinguished). In ESCA the 
kinetic energy of photoelectrons resulting from bombardment of the 
sample with mono-energetic X-ray is measured and is represented by 
the equation: 
KE = hv - Eb (6.1) 
where hv = X-ray photon energy 
Eb = binding energy of electrons. 
Since the value of hv and KE (measured from spectrum) are known, the 
. binding energy Eb can be calculated using equation 6.1. A schematic 
illustration of X-ray photo-emission processes is shown in Figure 6.1 
where the source of excitation is an X-ray of known energy and the 
photo ejected electron is indicated by B. An example of the type of 
spectrum obtained by this process is illustrated in Figure 6.2 where 
the elements present can be identified by measurement of the observed 
peaks. 
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FIGURE 6.1 Schematic illustration of X-ray photo-e~ission 
and Auger process 
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6.1.2 Experimental 
In the present investigation two series of wires based on TMTM 
and MBTS accelerator mixes were studied after removal by pulling out 
from the rubber. As these wires were bonded with rubber at elevated 
temperatures it was intended to study the chemical changes that 
occurred on the wire surface by measuring the electron binding ener-
gies and relative peak intensities of elements considered to have taken 
part in wire-rubber bonding. 
In order to provide a specimen suitable for the XPS (X-ray photo 
electron spectroscopy of ESCA) analysis it was necessary to mount some 
four or five short lengths of the wire, each having been pulled out 
from the rubber to expose the interface, side by side on the specimen 
probe, thereby covering an area of about 7 x 2 mm. The operating 
conditions used in this work were residual pressure of - 10 8 torr and 
Al Ka incident X-rays generated at 12 KV and 15 mA. 
The results obtained were recorded as spectra and the data 
derived from these are given in Table 6.1 which indicates the presence 
of sulphur in sulphur-sulphur or sulphur-carbon formation presumably 
originated from the accelerator used. The high relative peak inten-
sities of zinc and copper elements in TMTM based wire suggest that 
less brass-rubber reaction occurred leaving the highest proportion of 
zinc and copper on the wire surface. Similarly low peak intensities 
value of zinc and copper elements in MBTS based wire indicate higher 
consumption of these elements (brass) in chemical .reaction resulting 
in better rubber-brass bonding which is in agreement with results 
obtained in previous Chapters. The high intensities of carbon shown 
in Table 6.1 can be associated with the wire surface contamination. 
A more detailed discussion is given and compared with other 
results in Chapter 8. 
Experimental problems associated with the ESCA technique used: 
1. For a satisfactory analysis the test specimen was required to 
be flat and large in area. The wire used, due to its round sun-
face and small radius was found inadequate to obtain precise 
results. 
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TABLE 6.1 
XPS results obtained from the exposed wire surfaces, after previously 
being bonded to rubber 
Element TMTM MBTS 
and 
Electron Electron Relative Electron Relative 
Shell Binding Peak Binding Peak 
Energy Intensity Energy Intensity 
Carbon ls 285 1383 285. 1200 
Oxygen 1 s 532.3 400 Not examined 
Copper 2p 933.4 37 932.8 32 3/2 
Zinc 2p 1022 100 1022 25 3/2 
Su1 phur 2p 163.7 73 163.7 30 
Nitrogen 1s 400.9 15 Not examined 
Also detected but not scanned 
Silicon 2p (probably from exposed areas of adhesive tape on probe) 
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2. In the case of strong rubber-wire adhesion it was found difficult 
to remove the rubber. completely from the wire which interfered 
in wire surface analysis and some important samples were rejec-
ted. 
3. The ESeA technique was observed to be more sensitive to surface 
contamination (e.g. high carbon intensity) which may have led 
to inaccurate observations. 
4. As this technique is expensive and not easily accessible, the 
present work was discontinued preventing a complete study. 
6.2 Electron-Probe Micro-Analysis Study 
6.2.1 Introduction 
Electron-probe micro-analysis (EPM) technique is based on the 
measurement of the characteristic X-ray emitted by the elements 
(specimen) when excited by electrons (Figure 6.3). The electrons are 
bombarded on solid specimens using a special bombardment gun where the 
incident electrons are then dispersed in the solid forming pear shape 
volume (Figure 6.4), which can be controlled by the intensity of 
electron penetration. When these incident electrons strike the solid 
elements, X-rays of different wavelengths are generated and finally 
recorded on spectrometers. Qualitative analysis (identifying the 
elements present) using this technique requires the. spectrum to be 
recorded by means of an X-ray spectrometer over the range of wave-
lengths within which relevant lines may be present Cl-l2A). Lines 
may be identified by reference to table of wavelength (Appendices 2 ). 
In quantitative analysis the intensities of the X-ray lines from the 
specimen are compared with those from standard samples of known com-
position. The measured intensities require certain instrumented correc-
tions dependent on the characteristics of the measured system, as well 
as correction for background, the chief source of which is the con-
tinuous X-ray spectrum. 
I SOURCE 
~J amplifier recorder ELECTRON BEAM J I X-RAY I SAMPLE N ~ 
... 
FIGURE 6.3 Schematic illustration of EPM .. 
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FIGURE 6.4 Schematic illustration of the difference in electron pear-shape penetration, back scatter, and X-ray 
.o.m.o.V"n.o.nro n;:a th 
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6.2.2 Experimental 
It was observed that the wire near rubber-wire bonded areas 
(Figure 6.5) . tended to discolour after moulding which necessitated 
the use of the EPM technique to study the wire surface. In addition 
to the wire mentioned above, treated and untreated wires were also 
·analysed to compare with each other. The electron beam was used 
such that its penetration depth was = ~ and the relative intensity 
of generated X-rays were measured on a scanning spectrometer (Figure 
6.6). As expected, the results showed the composition of brass pla-
ted steel wire by giving decreasing relative intensities in the order 
of Fe'" Zn'" Cu. It is notable that the penetration was deep enough 
to trace the steel beneath the O.2lJ brass layer. ~Jhen the electron 
probe was scanned along the 4 mm wire, a sharp rise in peak intensi-
ties were observed at intervals. These peaks were confirmed as due to 
sulphur agglomerates (Figure 6.7) which may have migrated along the 
wire during vulcanization. This could also be due to sulphur blooming 
enhanced at elevated moulding temperatures. When treated and untreated 
(i.e. cleaned and uncleaned, wires were analysed, no appreciable changes 
in their composition were observed. 
6.3 Microradiography Stage (Fixed on Scanning Electron Microscope 
SEM) Technipe 
6.3.1 Introduction 
Since the voids and entrapped air present in rubber or wire-
rubber interface adversely affects the mechanical properties and bon-
ding strength of final products, it was thought to analyse any voids 
present in the cured materials. 
A number of techniques commonly used to detect any void in tyre 
and other rubber products are heavy duty X-ray systems, holography 
and infrared hot spot technique. Although these techniques are con-
sidered to be non-destruc~ive and usually trace voids effectively, 
they are expensive and not easily accessible. Recently a new SEM 
technique micrOradiogra~hY stage has been reported to be useful for 
such investigations(131. The aim of the present work was to evaluate 
the performance of microradiography stage in detecting voids present 
rubber 
Brass-Plated 
Steel Wire -------~/ 
portions of the wire 
studied 
FIGURE 6.5 Showing parts of specimen investigated for sulphur migration 
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FIGURE 6.6 A scanning spectrometer screen reading, showing relative 
concentration of different elements in the brass-plated 
steel wire 
FIGURE 6.7 A photograph showing an agglomerate of sulphur traced 
along the wire outside the rubber block 
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at wire-rubber interfaces and zinc oxide dispersion. It is reported 
that this device, an improved version of Paugh and West(132) 'Can 
replace the standard stage in a wider range of SEM instruments. 
The microradiograph used in conjunction with a Cambridge Instruments 
S2A stereoscan, is shown in Figure 6.8 whereas a schematic diagram 
(Figure 6.9) illustrates the principle of operation. An electron 
beam hits the metal target and generates X-rays which then further 
pass through the test specimen and are recorded by a one square centi-
metre silicon solar cell. The carrier for the cell also acts as a shutter 
which isnorma11y interposed between specimen and recording film. 
6.3.2 Experimental 
The test specimen used was of 2 mm thickness and analysed both 
cross-sectiona11y and horizontally, as shown in Figure 6.10. Diff-
erent formulations employed in the test are shown in Table 6.2 whereas 
the photomicrographs are presented in Figures 6.11 to 6.19. It can 
be seen clearly that the wire appeared as black strips in the case of 
horizontal and black circles in the case of cross-sectional studies. 
Several small dark spots present around the wire (in rubber matrix) 
can be attributed to the only metal compound - zinc oxide. 
Some microphotographs (Figures 6.12, 6.19) clearly show big 
chunks(agglomerates around the wire presumably due to inefficient/ 
bad refining. It is believed that these chunks when occurring/present 
at the wire-rubber interface adversely af~ect wire-rubber adhesion. 
It is notable that U1brich and Bacchaus- (99) demonstrated the effect 
of zinc oxide on metal-rubber adhesion as caused by its shape, size 
and degree of dispersion 
In the present work when previously mentioned, photographs 6.11 
to 6.19 were analysed for zinc oxide dispersion, clearly indicate 
that the zinc oxide particles were relatively well dispersed when 
no bonding agent was used. The Vulcabond SW bonding agent (Figures 
6.14 and 6.16) showed better dispersion than resorcino1/HMT in which 
case high concentrations of non-uniform dark spots are obvious (Fig-
ures 6.13 and 6.17). The mixture of these two bonding agents 
(Figure 6.15) however, yielded much larger dark spots, presumably due 
to their complex formation with zinc oxide. 
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FIGURE 6.8 The microradiograph stage device used 
(SEM) 
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FIGURE 6.9 Schematic illustration of the principle of operation 
; for the SEM mi crorad i ography stage 
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FIGURE 6.10 Cross-sectional and horizontal samples used in the SEM 
microradiography stage 
TABLE 6.2 
Fonnulation used in the SE~1 microradiography stage experiment 
Canpou ndi ng 
Additives A B C 
N. R. (RSS1) 100 100 100 
Zinc Oxide 10 10 10 
Stearic Acid 3 3 3 
D.C.B.S. 0.7 - 0.7 
T.M.T.D. - 0.7 -
Resorcinol - - -
H.M.T. - - -
Vulcabond SW - - -
Sul phur 4 4 4 
Ca rbon Bl ack FT - - 30 
D E 
100 100 
10 10 
3 3 
0.7 0.7 
-
-
2.5 -
1.6 -
-
2 
4 4 
- -
F 
100 
10 
3 
0.7 
-
2.5 
1.6 
2 
4 
-
N 
N 
W 
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FIGURE 6.11 (Horizontal) Bonded unfilled Natura l Rubber (DCBS accelerated) 
using a microradiograph stage technique, Large 
particles of ZnO are clearly obvious 
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FIGURE 6.12 (Horizontal) Bonded carbon black filled Natural Rubber 
(DCBS acc , ) using a microradiograph stage 
technique where ZnO particles are obvious 
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FIGURE 6.13 (Horizontal) Bonded unfilled Natural Rubber (OCBS acc) 
with Resorcinal/HMT as a bonding agent. The 
photograph shows the wire, as well as the 
scattered ZnO particles 
FIGURE 6.14 Bonded unfilled Natural Rubber (OCBS ace) with Vulcabond 
SW as a bonding agent. The photograph shows the wire 
as well as the dispersion of ZnO in the presence of Vuleabond 
SW. 
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FIGURE 6,15 (Horizontal) Bonded unfilled Natural Rubber with Vulcabond 
SW and Resorcinal/HMT bonding agents where big 
chunks of undispersed material are obvious 
around the wi re 
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FIGURE 6.16 (Crossectional) Bonded unfilled Natural Rubber with 
Vulcabond bonding agent where non-dispersion 
is clearly increased 
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FIGURE 6.17 (Crossectional) Bonded unfilled Natural Rubber (DCBS ace) 
with Resorcinol/HMT as a bonding agent. The 
photograph shows the wire inside the rubber 
and the effect of the bonding agent on 
ZnO dispersion 
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FIGURE 6.19 (Horizontal) Bonded unfilled Natural Rubber (TMTD ace) 
The photograph shows the wire inside the rubber 
as well as the ZnO dispersion in the sample. 
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• 
FIGURE 6.18 (Horizontal) Bad bonding showing a very faint 
and unclear (circled) voids between 
wire and rubber as well as big chunks 
of ZnO. The rubber used was an unfilled 
(TMTD accelerated) Natural rubber 
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In spite of high resolution/magnification used during film 
processes, no voids or white spots were observed at wire rubber 
interfaces. In another experiment, voids were deliberately created 
by pulling out the wire and inserting it back to the rubber. When 
this specimen was analysed only a very small light spot (encircled 
in Figure 6.18) at rubber-wire interface, was detected, which should 
ideally have been present all along the wire. It was concluded that 
the microradiography technique, as practised in this experiment, was 
not suitable for such investigations where small traces of entrapped 
air or voids are to be detected. However if special high contrast 
film and photographic papers are employed, this technique would be 
worthwhile to re-investigate. 
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CHAPTER 7 
DYNAMIC AND STATiC ADHESION TESTS 
7.1 Introduction 
The use of brass plated steel cord as a reinforcing material 
in tyre manufacturing enhances the mechanical properties of the 
rubber used, giving a longer life to the tyre due to the successive 
chemical bonding between brass and rubber ingredients. It is there-
fore important to assess the bonding capability of wire with rubber 
in both dynamic and static conditions. At present a number of bonding 
tests are in use though none are simple and convenient. It was there-
fore intended to develop an accelerated adhesion test which' could 
correspond to tyre performance' in practice and simple enough to be 
carried out on laboratory scale. 
7.~ Description of Developed Dynamic Test 
The conventional De Mattia flex test machine was used with a 
specially designed sample grips (Figure 7.1a, b and c) at a constant 
rate of 300 cycles per minute. Test specimens used were identical 
to those used for bond tests and were subjected at different tempera-
tures for 500, 1000 and 1500 cycle duration. A constant strain of 15% 
was maintained throughout the test predetermined using a cathetometer. 
Results are given in Figure 7.2 which shows,: a· series of parallel 
parabolic curves in which the maximum was reached at the 1000 cycles 
duration at each temperature studied. This maxima at elevated temp-
erature can be explained by additional crosslink formation at rubber-
brass interfaces thus increasing the bond strength. However at 1500 
cycles the bond strength decreases, presumably due to rupture caused 
by additional thermal exposure. 
The test reproducibility was not good as the wire breakage fre-
quently occurred due to metal fatigue when the number of cycles and 
temperatures increased. It is generally known(133) that high test 
temperatures and low cycle frequencies (defined as time rate of the 
repetition of load cycles) decreases the fatigue life and strength of 
metal, as shown in Figures 7.3 and 7.4. 
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FIGURE 7.1 The designed grips for the dynamic test. A-alone; 
B-with sample in place; C-with the grips fixed on the 
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7.3 Static Heat Agi ... 'Y' Adhesion Test 
The H-static adhesion test specimen was used to evaluate tyre 
performance in stressed static conditions. Similar specimens used 
for dynamic tests were subjected to a constant pressure of 110 New-
tons in a standard compression set apparatus. The apparatus con-
taining compressed specimens was left in controlled hot air oven at 
various temperatures for 24 hours before the specimens were tested 
for adhesion. Results are given in Figure 7.5 which suggests that 
the bond strength decreases considerably as the test temperature 
increases. This result was expected as the high temperature and con-
stant stress tend to deteriorate the rubber-brass bond. 
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Pressure is constant = 110 Newton 
Constant duration time of 24 hours 
Mix = RSSl 100. ZnO 10. Stearic Acid 5. DCBS 0.7. 
Sulphur 4. HAF black 30. 
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8.1 Introduction 
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CHAPTER 8 
GENERAL DISCUSSION 
It is highly important for any bonding investigation to sepa-
rately identify the two primary criteria that together make the total 
adhesion forces. These criteria are the chemical reaction and physical 
chemistry wetting forces that apply at the interface of the two 
adherents. Bonding, due to the formation of chemical valency, must 
be always stronger than that of surface wetting energy and can only 
fail by internal rupture of one of the adherents whilst wetting energy 
adhesion failure can be recognised by interfacial separation of its 
adherents such that a clear adherent surface is visible. Therefore 
in any evaluation of rubber-bra'ss bonding it is necessary to consider 
the fo 11 owi ng: 
a) The total force requ i red to break the bond whi ch is the sum of 
both chemical valency and surface energy forces. 
b) The proportion of the weaker adherent, in this instance the 
rubber, adhering to the stronger adherent substrate, the brass, 
and giving a separate and independent measure of the chemical 
valence adhesion force. Percentage rubber coverage of the brass-
plated wire after a bond strength test must be regarded as a 
method by which the contribution made by valency forces can be 
quantised. 
There are a number of factors which directly influence the adhe-
sion between brass plated steel wire and natural rubber, most of them 
are associated with the nature and composition of substrates and 
adherents. In the present work the following important factors were 
considered and discussed below on the basis of results obtained in pre-
ceeding chapters: 
1. Effect of brass layer on bonding. 
2. Effect of compounding additives. 
3. Effect of dynamic cycles. 
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8.2 Effect of Brass Plated Steel Wire Surface on Bonding 
A number of factors associated with brass layers that consi-
derably influence rubber-wire adhesion are discussed in the following 
sections. These factors include the drawing marks on the brass sur-
face, heat dissipation during wire processing, lubricant oil, rust 
and other surface contaminants. 
8.2.1 Effect of Brass Constituents and Drawing Marks 
Zinc oxide formation. After steel wire is brass plated (coating 
of Cu-Zn alloy) it undergoes various thermal and chemical (lubricants) 
treatment which allow undesired physical and chemical changes to occur 
on the brass surface. The most apparent changes are the drawing marks, 
and the formation of ZnO on the brass surface which are believed to 
affect adhesion. When zinc, an integral composite of brass, is heated 
in air it·forms zinc oxide which is deposited as a layer on the brass 
surface. The thickness of this layer is a function of temperature and 
increases proporti ona lly with temperature. and if thi s ZnO 1 ayer exceeds 
a critical thickness, it will prevent the rubber-brass reaction and 
consequently adhesion. 
DrCllUiYl{} Marks. It is well known that surface roughness is some-
how desirable in order to facilitate adhesion. Patterson(134) demon-
s LA V' fo..c..e. 
strated that the smoothLadheres only weakly to the rubber when tested, 
in peel (adhesion failure); on roughening the surface, the peel 
strength is improved by 20 times (cohesive fracture); but after 
mechanically flattening of the roughened surface, peel strength is 
reduced to the original level. In the case of brass plated wire the 
drawing marks (Figure 5.5) appearing after the drawing process, can be 
referred to as surface roughness which should promote adhesion. Addi-
tionally the increased surface area due to drawing marks is also 
observed to favour rubber-brass adhesion. As mentioned earlier in 
Chapter 2 the adhesion is a result of cuperous sulphide formation 
during vulcanization and the roughness or drawing marks of the brass 
surface enhance this sulphide formation due to an enlarged surface area. 
But an excessive cuperous sulphide formation may result in reduced adhe-
sion due to changes in CUpyO~S' sulphide stoichiometry as explained 
earlier in Chapter 2. Thus an excess or lack of cuperous sulphide 
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formation adversely affects brass-rubber adhesion as shown in the 
schematic diagram below: 
Physical bonding 
Su1phidization 
'd~-- Cuperous 
sulphide 
) 
It is worth mentioning here that since the drawing marks or 
roughness is not deliberately created on the brass surface, hence 
different degrees of roughness occurred in different batches which 
then yielded varied adhesion strength. 
8.2.2 Effect of Lubricating Oil 
While drawing brass plated wire lubricant is usually required 
to reduce the tension and this lubrication was found to have a consi-
derable effect on rubber-brass adhesion which can be due to: 
1. Chemical and physical changes (heat dissipation) as a result 
of lubricant-brass interaction. 
2. The effect which residual lubricants at the brass surface 
exert on the rubber-wire adhesion. 
Haemers(135) and Van Ooij stated that ideally in low copper 
content brass wire the lubricant employed should keep the brass sur-
face as cool as possible in order to avoid too much oxidation and too 
low a surface reactivity. Similarly brasses with high copper content 
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would require a lubricant which promotes surface oxidation as some 
degree of oxidation is necessary to promote bonding. If lubricant 
reacts chemically with the brass, which is very reactive chemically 
during the drawing process, the above statement does not hold, as 
these chemical effects may easily override heat dissipation effects. 
It is notable that the staining of the brass surface observed during 
storage is evidence of a chemical reaction taking place between lubri-
cant and brass. These stained areas contain copper and/or zinc in 
chemical forms that will not contribute to sulphide formation during 
cure and are highly undesirable. Similar reactions were noticed by 
Smith (136). 
McConnell and Richard(130) who studied the effect of commonly 
used lubricants and found them to adversely affect adhesion which was 
presumed to be due to undesirable chemical reaction between rubber 
and the lubricant components. They also observed a relationship bet-
ween the degree of unsaturation of a lubricant and its effect on adhe-
sion where the more unsaturated material showed less detrimental effects. 
Van Ooij assumed that unsaturated lubricant residue take part in rubber 
crosslinking in the region close to brass surface leading to higher 
crosslink density and consequently higher modulus which gives an 
increased pull out force. By contrast saturated lubricant residues 
(chemically inert towards rubber) merely lead to a dilution of the 
rubber and a lower crosslink density around the wire giving decreased 
pull out force and modulus. 
In the present investigation a decrease of 65-70% (see Table 5.6) 
rubber-brass adhesion due to lubricant was observed, compared to the 
10-15% (see Table 5.2) of McConnell study mentioned above. This can be 
'l.{bV'lc.o..~r 
explained due to additional undesired ~~_L-interaction that occurred 
during the wire drawing process which was absent in McConnell's work. 
Thus this result confirms that un unwanted chemical reaction takes place 
between brass and lubricant oil during the wire drawing process. The 
use of lubricant during the drawing process should be considered impor-
tant for good rubber-brass adhesion and it is required that such lubri-
cants should give less detrimental effects on bonding than those pre-
sently used and investigated to date. 
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8.2.3 Effect of Rust 
Another factor which is usually neglected in the tyre industry 
and other relevant areas is wire ageing. A drastic deterioration 
in the brass layer was observed on ageing which badly influenced 
adhesion as shown in Table 5.7. The scanning electron microscope 
(SEM) technique was used to study brass deterioration of aged brass 
plated steel wire. Figures 5.4 and 5.5 are the photographs of 
treated unaged wire of different magnifications. The wire surface 
defects as a result of drawing is quite apparent and presumably it 
is these defects which facilitated surface deterioration by allowing 
moisture to enter through those plating marks resulting in rust forma-
tion. The extent of rust formation depends on the thickness of brass 
plating where thin plating, due to its high porosity, is more suscep-
tible to corrosion. In thick plating the corrosion is much less due 
to low surface porosity. In the present investigation steel wire, 
having 0.2~ brass plating thickness was used which is considered thin 
enough to cause such deterioration and consequently reduced-brass adhe-
sion. 
Figures 5.5 and 5.10 shows the difference between treated unaged 
wire and treated aged wire respectively. A damaged brass surface due 
to corrosion can be seen in Figure 5.10 which is absent in Figure 5.5. 
The photographs in Figure 5.8 and 5.9 showing wire surface deteriora-
tion were further magnified to observe clearly the rust and cracks on 
aged wire. In Figure 5.11 the cracks caused by rust are apparent and 
burst through the brass plating. Figure 5.12 illustrates the rust 
that actually appeared on the wire surface. 
chapter, that this surface corrosion affected 
bond strength and rubber coverage of the aged 
As explained in earlier 
adhesion and exhibited 
wire 2-3 and 1~-2 times 
respectively lower than the unaged wi re over a period of two years. 
B.3 The Effect of Compounding Ingredients on Bonding 
In addition to the factors associated with brass plated wire 
that influence rubber-brass adhesion, some commonly used rubber ingre-
dients are also known to affect bonding. These ingredients such as 
accelerators, fillers and bonding agents have marked influence on both 
the mechanical properties of rubber and its adhesion to brass-plated 
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wire. The aim of the present work was to investigate these ingredients 
in order to achieve a good combination of bonding and rubber physical 
CL 
properties. The compounding ingredients selected wereLrange of 
accelerators, carbon black of different particle sizes, silica and 
integral bonding agents where each of these were separately studied 
keeping all other variables constant, including zinc oxide, stearic 
acid and sulphur. 
8.3.1 The Effect of Accelerators 
As mentioned earlier, the accelerators used were in the range 
from delayed action type (e.g. su1phenamide) to ultra fast curing 
types (e.g. thiurams). A general adhesion performance of these acc-
elerators based on experimental results, shown in Table 4.3, is given 
in the following sequence: 
Adhesion Excellent .. Fair .. Poor 
Sulphenamides .. thiazoles .. thiurams 
Chemical CBS and DCBS MBT MBTS TMTD TMTM Class .. .. .. .. 
Rate of Delayed Ultra fast 
Cure action type curi ng type 
This difference in adhesion can be explained by considering Figure (8.1) 
which shows the principal reactions taking place during sulphur vulca-
nization of olephinic rubbers in the presence of different accelera-
tor types(137). The accelerators react with zinc oxide and carboxylic 
acid to give zinc thio1ates which are sparingly soluble in rubber 
(Reaction 1). However, they form readily soluble complexes with 
XSH ZnO 
XSSX + I XSZnSX ( 1 ) 
XSNR2 R C02H Zi nc thi 0 la te 
where 
g:N~ 
X= 0 s/c- ~ R2 NCS- etc. 
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primary and secondary nitrogen bases or with zinc carboxylates (pro-
duct of.excess zinc oxide and stearic acid) (Reaction 2}(13a). 
,1/ 
N 
,I, ! N or 
XSZnSX ) XSZnSX (2) 
0 of Zn (OCOR2) i 
Z(OCOR2) 
The basic nitrogen complexes tend to open the Sa ring yielding poly-
sulphide ions (see equation 3) which is much more reactive toward. 
soluble zinc complexes than elemental sulphur(13g) and gives perthio-
late complexes (equations 4 and 5). 
(3) 
where 
XS-.---- Zn---- - SX .., ...---'===.!!....-- XS.SaZnSX 
/ 
S /'s 
"'s/ 6 
(4) 
SXZ SX 
XS.SsznSX < n • XSSa.Zn.Sb.S* (5) 
Zinc perthiolate 
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This perthiolate complex probably exists in a series of equilibria 
which lie well on the side of the thiolate complex and free sulphur. 
The average value of a and b in equation (5) will therefore depend 
on the relative concentration of reactive sulphur and soluble zinc 
complex. Consequently, provided sufficient nitrogen base is present 
to open the 5S ring to solubilize the zinc thiolate present, a high 
ratio of accelerator:sulphur implies low value of a and b in equation 
(5) and hence short sulphide crosslinks ,at all stages of the subse-
quent sulphuration. Conversely, a low ratio of accelerator:sulphur 
implies more polysulphide-sulphur in equation (5) and, initially at 
least, in the sulphuration products. 
Moore and co-workers(2) suggested a mechanism for the reaction 
between perthiolate (the active sulphurating agent) and olephinic 
rubber, R-H where nucleaphilic attack of an incipient perthiolate ion 
on an allylic carbon atom form the rubber-bound intermediate directly 
and displace a hydrogen atom with its electron pair (equation 6): 
Zn-----5 
~~ 
X5- ~ R ----.:.- H 
5b --x 
(6) 
L 
t 
Zn = 5 
XS---5a Sb---X 
/ 
R H 
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It had been reported earlier(140) that the sulphur atom so trans-
ferred to the polymer molecules by the combined action of sulphur, 
zinc oxide, stearic acid and accelerator in turn reacts with the 
brass surface to form copper sulphide(141). Blow and Hopkins(72) 
using thiuram accelerators showed that sulphide film was formed on 
the brass layer and hence prevented rubber-brass adhesion. Later .\';1 
phenomena was explained by Ooij that the sulphide layer in fact is 
formed with all the accelerators and that it is the distribution of 
mono, di- and polysulphide crosslinks between rubber and brass which 
affects adhesion. He also suggested that it is actually the sulphur 
accelerator ratio which is decisive for the strength of the bond as 
explained above (equation 5). Weening(142) nlso postulated that the 
presence of polysulphide crosslinks in the vulcanizate network is 
required for bonding to brass. 
It is apparent from the results of this investigation that sulphe-
namide accelerators give better bonding than thiurams. For instance, 
as shown in Table 4.3. DCBS and CBS (sulphenamides) gave respectively 
12.5 and 13 MNm- 2 bond strength, compared to TMTM and TMTD (thiuram 
accelerators) which yielded nil and 1.5 MNm- 2 bond strength respec-
tively. It is believed to be due to relatively higher concentration 
of polysulphide crosslinks from the slower curing sulphenamide. It was 
further confirmed when high temperatures were used and reduced bonding 
was achieved, which was thought to be due to the breakage of polysul-
phide crosslinks to mono and di-sulphide formations. Thus in the 
present work progressively better bonding in the order of thiuram + 
thiazoles + sulphenamide suggests that sulphenamide accelerators tend 
to cleave cyclooctasulphur (SS) more rapidly than thiuram resulting in 
the more polysulphide formation. This is in full agreement with Ooij's 
work and explanations. 
ESCA Technique 
An attempt was made to confirm the above mentioned results by 
the use of Electron Scanning for Chemical Analysis (ESCA) techniques. 
This technique enabled one to measure the· extent of CuxS and other 
chemical composition formation at the rubber-brass interface. By means 
of a special preparation technique two chosen accelerators (a thiazole 
and a thiuram) with different interfacial complexes at the rubber-brass 
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interface were subjected to X-ray photoelectron beam and as a. result 
the relative peak intensity and electron binding energy values of the 
chem·ical composition obtained are given in Table 6.1. The binding 
.energy* of cyclooctasulphur (Sa) appeared at 163.7eV.and its relative 
peak intensity value (Table 6.1) indicates that the extent of uncleaved 
Sa rings in the TMTM based specimen was 2.5 times higher than the MBTS 
one. It can be concluded that the concentration of polysulphide cross-
links (mechanism explained above) is much higher in the MBTS system 
and consequently gave better adhesion than TMTM. It is notable that 
MBTS exhibited 4.5 MNm-2 bonding strength compared to nil in the case 
of TMTM brass specimens. Ooij(lOO) mentioned that as the ZnO layer 
increases in thickness, the rubber-brass adhesion decreases. In the 
present analysis the relative peak intensity of ZnO (binding energy 
1022.0) was observed to be four times higher \~ith TMTM than MBTS and 
the latter is expected to give a higherbonding strength than the 
former. The bonding strength of these two accelerator based systems 
are in full agreement with the ESCA results. 
A similar technique was used by Ooij(143) to study the bonding 
mechanism uSing. only the sulphenamide DCBS accelerator. He employed 
a special well defined brass surface and the bonded specimens obtained 
therefrom were ripped apart at low temperature, under liquid nitrogen, 
to permit (create) adhesion failure rather than rubber failure. He 
cited the data concerning binding ·energies of different chemical com-
positions present at the rubber-brass interface. 
It is notable that the binding energies observed in this work 
were first deduced from Ooij values before the above conclusions were 
made. 
8.3.2 Effect of Carbon Blacks 
As carbon black is one of the most important ingredients very 
commonly used in rubber industries for both reducing the total cost 
and to improve service life of rubber articles, its influence on rubber-
brass adhesion was investigated. The carbon blacks are available in 
various particle sizes and each individual has different effect (as a 
* The binding energy or ionization energy of an electron in a free 
atom or ion is defined as the work required to remove the electron 
from its orbit to infinity. 
XSH J XSSX 
XSNR2 
ZnO 
R"CO H 2 
/ 
/ 
\ 
\ 
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FIGURE 8.1 The principal reactions taking place during sulphur 
vulcanization of olefinic rubber in the presence of 
different accelerator types 
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result of physical and chemical interaction) on final rubber proper-
ties. Hicks and co-workers(106) published a comprehensive study of 
carbon black loading and properties on adhesion. Black properties 
such as dispersion, structure, porosity, activity, sulphur content, 
and concentration of volatiles were all found to affect adhesion 
quite noticeably. Hicks(106) explained these effects on the basis of 
the well known effect of black properties on compound stiffness and 
inasfar as the volatiles were concerned, on the pH of the mix. The 
influence of carbon black on rubber-brass adhesion is quite important 
and cannot be ruled out as the functional groups like 0, H-, S etc. 
found to be present on the black are considered to take part in rubber 
reinforcement and tend to enhance or reduce physical properties and 
bonding. The presence of carbon-hydrogen bonds at the surface of carbon 
blacks and even inside the mass of the particle was confirmed by 
bromine(144,145) and chlorine substitution at room temperature. 
Similarly the existence of oxygen in the form of oxides was found by 
several workers(147,148) and their characteristics studied(149,150). 
Boehm and Voll proposed a model for oxides present on the carbon black 
(shown below) 
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indicating possible arrangements of pyrone-like structures on the 
carbon black surface. Sulphur was also detected by various workers{151,152) 
where the existen~e of sulphurous surface complexes(153) and other sul-
phides(154) were found. Sykes and White(155) postulated the presence 
of surface sulphides and proposed the following structure: 
s 
s 
, 
" 
Lewis et al(156) showed by means of an isotope exchange technique with 
sulphur 35, that the sulphur present in carbon blacks is highly reactive. 
and that about 20% of the total sulphur content is located on the particle 
surface in the form of polysulphide complexes. In the present investiga-
tion the carbon blacks used with their partiClle sizes and ultimate com-
position are given in the table below: 
Carbon Particle Ultimate Corn osition - Dry Basis, % 
Blacks Diameter o by (nm) H C Ash S difference 
FT 100-200 0.46 99.18 0.09 0.01 0.26 
SRF 61-100 0.37 99.28 0.25 0.03 0.07 
HAF 26- 30 0.30 97.57 0.24 0.56 1.33 
MPC 20- 25 0.55 96.10 0.09 0.08 3.18 
It is apparent from the above table that blacks essentially contain more 
than 96% carbon with traces of other reactive functional groups viz 
H, S, 0 and Ash. These functional groups are considered to have some 
influence on rubber physical properties and rubber-brass adhesion. This 
has been pointed out by several ~orkers{157,158) but the actual phenomena 
and mechanism is not yet fully understood. In the present work for the 
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sake of discussion the possible interaction (filling or reinforcement 
effects) of these functional groups will be considered with relation 
to the results obtained. 
It is known that the elastoners may be 'filled' or reinforced 
by the addition of carbon black. In the filled system the association 
between polymer and black is weak, primary physical, with the dispersed 
particles free to move about in the matrix and, through particle-to-
particle association, to flocculate and cluster(159). In reinforced 
systems, strong carbon-polymers bonds are substituted for weak bonds, 
with the result that the filler particles, now actually a part of the 
elastomer network, are no longer free to move independently. The net 
result of this difference, of the substitution of strong for weak for-
ces, is the improved tensile strength, tear strength, modulus and 
abrasion resistance. It is notable that the strong polymer-black asso-
ciation which results in reinforcement involves chemical interaction 
between polymer and black (H, 0 and S functional groups). Gessler(160) 
using butyl-black systems containing a series of carbon black concen-
trations found (as shown in Figure 8.2) that whereas no appreciable 
tensile strength was obtained with untreated (non-oxy) black systems, 
high tensile strength was obtained with chemically oxidized black. 
The following table shows the results of the present investigation 
with rubber physical properties of different carbon blacks studied. 
At 40 pbw* loading MPC and HAF yielded relatively higher tear and ten- . 
sile strength compared to FT (see also Figures 8.3 and 8.4). This can 
be attributed to the successive reinforcement of the former blacks due 
to their relatively higher oxygen and hydrogen content. SRF, however, 
showed an.unexpected result of high tensile and tear strength (see Chap-
ter 4) in spite of its theoretically low oxygen and hydrogen content. 
This could be due to oxidation which might have resulted during shelf 
storage. 
At one hand where the presence of oxygen and hydrogen tend to 
improve rubber physical properties, the amount of sulphur on carbon 
black particles adversely affects rubber-brass adhesion. To achieve 
excellent rubber-brass adhesion, primarily an effective rubber-brass 
chemical interaction is required and good rubber physical properties 
* At this level highest values were observed for carbon· blacks used. 
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Carbon Tensile Tear Oxygen Hydrogen Total 
Blacks Strength Strength Content Content Hydrogen 
MN m-2 MN m- l % by % by and Oxy-Weight Weight gen % by 
Weight 
HAF 23 131.5 1.33 0.30 1.63 
MPC 22.5 151.5 3.1B 0.55 3.73 
FT 17.5 75.5 0.26 0.46 0.72 
only enhance the bonding by increasing pull-out force value. 
As mentioned in Figure (8.1), the effective adhesion is a result 
of rubber polysulphide (RSx) and brass interaction, but it is considered 
that the sulphur present on carbon black particles may react with rubber 
sulphide decreasing its reaction with the brass and consequently reduc-
ing adhesion (as shown below): 
\ RUbberr- Sx + R-H ~ Sx -i RUbberl 
IRubber~sx + cu-8 ----~7 R -- Sx -- Cu 
IRubber~sx + @-S ) I RUbbe+- Sx Rubber I 
The following table shows the rubber~brass bonding value obtained from 
different carbon blacks with their ultimate sulphur content. It can 
be seen that HAF yielded relatively low bond strength than other carbon 
blacks (MPC, SRF, FT) which, according to the above assumption, is due 
to its high sulphur content. 
255 
Carbon Black Bond Strength Sulphur Content 
MN m-2 % 
HAF 16 0.56 
FT 20 0.01 
MPC lB.5 O.OB 
SRF lB.5 0.03 
It can now be concluded on the basis of the discussion and results 
obtained that the ultimate chemical composition of carbon black somehow 
influences rubber physical properties and rubber-brass adhesion. The 
presence of oxygen and hydrogen in the carbon black seemed to enhancer 
rubber physical properties whereas sulphur content tended to retard 
rubber-brass adhesion by interfering with the desired rubber polysul-
phi de-brass interaction. 
8.3.3 Effect of Silica 
Of the many inorganic fillers which have been used in rubber com-
pounding the finely divided silicas are the most highly reinforcing. 
Additionally the reinforcement (tendency to interact chemically) is 
enhanced due to the presence of reactive oxygen on silica structure. 
Following is the schematic silica structure showing oxygen distribution: 
OH OH OH 
If I 
Si - 0 - Si - 0 - Si -
I I 
OH OH OH 
In the present investigation the influence of silica on rubber physical 
properties and rubber-brass adhesion was studied. Table Lf./o and Figure 
4.10 shows the highest value of 23 MN m- 2 bond strength was achieved 
at 10 pbw above which a sharp drop in bonding was observed. This drop 
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in bond strength can be explained on the basis of silica and zinc 
ion (from reaction of zinc oxide and stearic acid) interaction(161) 
where the former tends to adsorb the latter, since the function of 
ZnO (Chapter 2) is to regulate CuxS formation on the brass by preven-
ting CuxS layer not to exceed a certain level beyond which the bonding 
drops. At the silica level above 10 pbw the ZnO level (due to adsorp-
tion by silica) becomes inadequate to control the CUxS layer thickness 
and consequently results in decreased bond strength. 
The silica was found to yield relatively higher bond strength when 
compared with any of the blacks used (Figure 8.5). This is apparently 
due to the absence of any sulphur in silica thu~ causing no interference 
in rubber polysulphides-brass interaction. Moreover due to the presence 
of high oxygen content in silica, good physical properties were observed 
enhancing bonding by increasing pull-out force. On the basis of the 
results it can be concluded "that the use of silica alone can yield equal 
or better properties than carbon black. A disadvantage associated with 
silica is its high cost (example: HAF £390/ton and Silica VN3 £400/ton). 
But considering the amount of carbon black and silica required to achieve 
optimum properties, it can be seen that the cost of the latter appears 
to be the same or slightly higher than the former. One may still prefer 
carbon black over silica because: 
a) Carbon black has better reinforcing properties and normally used 
with rubber to reduce overall cost. 
b) The processing of carbon black is more easy than silica as the 
latter tends to increase rubber viscosity and consequently sticks 
on to the mill during mixing. However silica can conveniently be 
used instead of carbon black in such applications where non-black 
products are desired. 
8.3.4 Effect of Bond Agents 
The two integral bonding agents employed in the present investi-
gation were recorcinol/hexamethylenetetramine and Vulcabond SW, atriazine 
derivative. These agents were used both in filled and"unfilled mixes. 
whose mechanical properties and bonding strengths are shown in Tables 
4.11-4.12~ The result suggests that in unfilled rubber formulation 
• 
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triazine compound yielded higher bonding strength than the control, 
but with decreased rubber coverage. Resorcino1/HMT on the other hand 
tended to retard adhesion and showed an extremely adverse effect on 
bonding strength and coverage. This adverse effect is presumed to have 
occurred due to the following reasons: 
a) Since moisture is required for an effective HMT/resorcino1 reac-
tion and is provided in the commercial additive by silica incor-
porated with the resorcinol, it is thought that demoisturization 
might have occurred during shelf storage and resulted in an 
incomplete HMT/resorcino1 reaction which adversely affects bond 
and tear strength. 
b) It is believed that hard microspheres of resin were formed in 
situ in the rubber matrix as a result of HMT and Resorcinol 
reaction giving reduced tear strength which consequently yielded 
rubber failure at low strength. 
c) It is'a1so suspected that undesired sulphur reaction with the 
chemical groups on the Resorcinol and HMT might have occurred 
superseding sulphur-copper reaction which forms CuxS, a prerequi-
site for good adhesion. 
It is already mentioned earlier that fast curing accelerators 
reduce po1ysu1phide formation which results in decreased bond strengths 
and mechanical properties and vice versa. Since the Resorcino1/HMT 
bonding agents tended to accelerate curing (gives short scorch time), 
this was thought to be another factor of giving poor adhesion. On the 
other hand triazine bonding agent due to its deceleration tendency, 
exhibited long scorch times and consequently better adhesion (Table 
4.12) by allowing enough time for brass-sulphur reaction to occur. 
The carbon black in the filled rubber showed improved bonding and 
coverage. Triazine in combination with carbon black gave 100% coverage 
with increased bond strength. The performance of Resorcino1/HMT when 
compared with the control of filled rubber, showed bond strength decreased 
by half which is in agreement with the assumption mentioned above that 
the bonding agent tended to react with sulphur giving no bonding or 
coverage. 
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8.4 Effect of Dynamic Cycles 
The rubber-brass bond fatigue due to cyclic deformation."was studied 
where the dynamic test was performed at 15% strain of 300 cycles per 
minute. Temperatures used were ambient, 100 and 1500C. Results are 
shown in Figure (7.3) where bond strength at a controlled series of 
flexing cycles (0, 500, 1000, 1500) and temperatures are seen to result 
in a series of parallel parabolic curves in which a maximum point occurs 
at each temperature. The unexpected development of increased bond 
strength to a maxima with increasins flex fatigue cycles can be rela-
ted to the stress softening effect that dominates the deformation 
characteristics of all rubber vu1canizates. Initially at the commence-
ment of a fatigue test the brass-plated wire of the bonded specimen is 
in its stiffest state, hence maximum stress at the bond interface 
results on deformation. On repeated cycling continuous stress softening 
at the wire-rubber interface occurs simultaneously -reducing the stress 
at the bond interface and hence prolonging i~s life by the Woh1er effect 
that dominates all S-N fatigue life cycles. Reduction in bond strength 
after the observed stress-softening maximum follows the established 
fatigue-life-cycle pattern of all materials where the critical fatigue 
strain of the material has been exceeded (in this instance 15% strain 
exceeds critical). The temperature effect presumably reflects the 
thermal instability of the sulphur-brass valency bonds. Un~pected1y 
the maximum bond strength in stress conditioned samples coincided at 
the 1000 cycles pOint at all temperatures used - ambient, 100 and 1500 C. 
This could be meaningful or simply reflect the experiment design choice 
of the 1000 cycle mark as a measurement point. 
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Wipe Fatigue 
Metallic fatigue is a comprehensive term describing the behaviour 
of metals when they are subjected to repeated stresses. More precisely 
it can be defined as the progressive deterioration of a metal until, 
at a certain point, breakage occurs by reason of alternating or repea-
ted stresses. The stress range involves repeated cycles of direct 
bending, torsional or other combined stresses(162). The maximum 
breaking stress of the cycle is always numerically less than the 
particular stress leading to fracture after single application. This 
ability of a metal to withstand stress is largely governed by the manner 
of its application. For example, if a metal wire is bent to and fro 
a sufficient number of times it will eventually break(132). 
The higher the tensile strength and hardness of steel or other 
metal, the greater is its fatigue resistance in most instances. Temp-
erature also has an effect on fatigue strength (Appendix 3) and fatigue 
limit (Appendix 3), especially where martensitic steels (Appendix 3) 
are concerned. Surface condition is another factor affecting fatigue 
resistance, and in general metal having a highly polished surface (which 
normally gives no bonding to rubber) will be less affected by fatigue 
than one left unaltered after being cast or hot worked, as by rolling 
or forging. Heat treatment and cold working also influence fatigue . 
resistance and hardness. Assuming no great difference in composition 
exists, one metal at room temperature will not be greatly different in 
fatigue properties from another as long as their hardnesses are similar 
and unchanged. Some microstructural constituents, such as ferrite, do, 
however, considerably lessen fatigue resistance(133). 
Shock or superficial flaws, discontinuities of the metal such as 
blowholes in a casting, local concentrations of stress such as notches 
(Appendix 3) and other causes of discontinuities, all make fracture 
more likely and rapid. 
In the present work the wire fatigue was studied at various temp-
eratures and stress cycles to investigate the possibilities of wire 
failure under everyday tyre conditions. The brass plated steel wire 
.specimens were subjected to cyclic deformations of 300 cycles/minute 
at a low constant strain using Demattia flexing machine. The tempera-
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tures used were in the range of 20-1500 C and ten specimens were 
stutlied at different temperatures and the number of samples broken 
noted. Figure 8.' shows the number of wire samples failed per 10 
specimens at different cycles and temperatures. The effect of 
temperature above 1000C was found to be severe on wire fatigue glvlng 
a higher number of wire sample breakages. Samples when tested at 
lower temperatures, however, exhibited a lesser number of wire 
failures. This can be explained on the basis of thickness and sur-
face defects of wire used. Since the wire used was of 0.3 mm thick-
ness, the fatigue propagation across the wire was high, especially 
at elevated temperatures. Moreover the surface imperfections (drawing 
marks and other defects) that resulted from ~Iire processing accelerated 
fatigue giving rise to a rapid fracture. It is worth mentioning here 
that since the wire is common1y.used bonded with rubber in radial tyre 
applications, its fracture will provide a nick leading to tear propa-
gation in rubber. This tear propagation is expected to be more rapid 
and severe at high speed cyclic deformations such as experienced in a 
tyre during service. 
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Conclusion 
The following conclusions are drawn on the basis of the experi-
mental results and discussion: 
A. Wire Effect: 
1. Drawing marks due to wire processing are found to enhance 
rubber-brass adhesion due to increase in surface area from 
the rough surface thus provided. 
2. When the wire was aged at ambient temperature and humidity 
for greater than two years, rust formation resulted on the 
surface (detected by electron microscopy) which adversely 
affected rubber-brass adhesion. 
3. The 'wire drawing lubricating oil' is one of the main factors 
which by interacting with the wire surface interferes in the 
rubber-brass adhesion process. The oil chemically reacts 
with the brass forming chemical complexes (these appeared as 
stains on the wire surface) rendering inactive the surface 
for adhesion. The lubricating oil is also thought to decrease 
the rubber modulus in the region around the wire thus causing 
rubber failure by enhancement of the critical strain to rup-
ture. 
B. Rubber Ingredients Effect: 
1. Among the three accelerator classes used the ultra fast 
curing one (thiurams) exhibited very poor bonding performance 
and showed no rubber-brass adhesion. This is thought to be 
due to the absence or low concentration of polysulphide cross-
links as the accelerator mentioned is relatively inefficient 
in cleaving the cyclooctasulphur Sa ring which is essential 
for polysulphide formation. Conversely delay action accelera-
tors (sulphenamides) gave excellent rubber-brass adhesion due 
to its tendency to cleave Sa ring which enhances polysulphide 
crosslinking - a prerequisite for a good adhesion. However 
thiazoles showed an intermediate level of adhesion performance. 
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2. The oxygen and hydrogen functional groups present on carbon 
black particles seems to interact chemically with rubber 
giving rise to its enhanced physical strength. Highest 
physical properties. were achieved with the carbon black 
(HAF) which had a-higher content of oxygen and hydrogen. 
Conversely when higher amounts of sulphur were present on 
the particle this seemed to lower rubber-brass adhesion by 
interfering in the bonding mechanism. Among the carbon blacks 
used the progressively higher physical properties and lower 
adhesion is given by the following sequence: 
Carbon Black types FT -- SRF -- MPC -- HAF 
Strength Properties Low ----------+, High 
Rubber-Brass adhesion High +(--------- Low 
3. The absence of sulphur in the silica used and the higher 
amounts of oxygen in its structure yielded better physical 
properties and adhesion than any of the carbon blacks employed 
in the present work. 
4. The two integral bonding agents studied are Vulcabond (triazine 
derivatives) and Resorcinol/HMT where in unfilled rubber the 
former tended to increase bonding slightly and the latter 
showed practically no adhesion. When filled mixes (with car-
bon black) were used, the above behaviour (i.e. that of the gum 
mixes) was obtained in the case of Vulcabond SW, while Resor-
cinol/HMT showed a slight bonding which was thought to be due 
to carbon black reinforcement. 
C. Dynamic Stress Deformation Effect: 
1. When bonded specimens were subjected to stress deformation 
(15% strain) at different dynamic cycles and temperature's an 
increase in bond strength was found which yielded a maximum 
of 1000 cycles (Figure 6.1) presumably due to extra crosslink 
formation. This is observed at all the temperatures used. 
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2. The wire fatigue was also studied at various temperatures 
and stress cycles .to investigate the effect of wire failure 
on the overall tyre performance. The influence of te~perature 
above lOOoC was found to be severe on wire fatigue giving many 
wire specimen breakages which are attributed to the wire sur-
face imperfections. 
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Recommendations for Further Work 
1. A detailed study of the effects of different functional groups 
present on carbon black on rubber-brass adhesion could be rewar-
ding. Consideration of black particle size may provide a useful 
relationship between the rubber physical properties and adhesion. 
2. The influence of different particle size silicas due to their 
varying reinforcement properties could provide useful information 
regarding rubber physical properties and adhesion. 
3. As an undesired reaction between resorcinol/HMT with sulphur and 
zinc oxide was suspected of giving the poor adhesion their exam-
ination may lead to a better understanding of the actual bonding 
mechanism. 
4. It is known that basicity (especially in nitrogen containing 
compounds) enhances the cyclooctasulphur ring (Sa) cleavage hence 
a study of different accelerators regarding their basicity and 
tendencies to cleave Sa would give a clear idea of the accelerator 
influences. 
5. Detailed analysis of the chemical complexes on the bonded wire 
surface (accelerator effect) using the [SCA technique could reveal 
the chemical mechanism involved. It would be convenient to use 
squaline as a model that represents rubber employing the same vul-
canizing systems and conditions. This may avoid the contaminants 
present in conventional rubber and experimental problems associated 
with handling the wire surface. This could interfere in the said 
ana lys is. 
6. Investigation of the different lubricating oils that affect rubber-
brass adhesion is required to try and obtain a selective oil that 
shows the least interference in adhesion mechanism. 
7. A detailed study of sulphur migration from rubber to brass during 
vulcanization would be useful employing electron probe micro-
analysis followed by the [SCA technique. 
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APPENDIX 1 
SOME: SIGNS WHICH INDICATE BAD PLATING CONDITIONS ARE LISTED BELOW: 
1. The bath solution may develop a green colour. This is stated 
to be due to the presence of too much cupric copper salt and 
the solution should be heated to about 600 C for a period and 
then allowed to cool. In this way cupric compounds are reduced 
to cuprous - the extent of the conversion being dependent on 
the temperature employed and the time of heating. 
·2. The bath develops a· milky appearance due to .precipitation of 
a white colloidal material, this consists of zinc cyanide, zinc 
ferrocyanide, zinc carbonate and possibly other impurities 
formed by chemical action. Small amounts will go into solution 
by addition ~f cyanide, provided the analysis indicates that 
this will not adversely affect the plating conditions but when 
heavy precipitation occurs the remedy is to allow the fine sus-
pension to settle and to remove for further use the clear super·· 
natant liquid. 
3. The bath may contain a great sediment with a high resistance. 
This indicates that the concentration of alkali 01' cupric com-
pound is too 10Vl and may be rectified by the addition of ammonia 
or copper sulphate. 
4. The solution gases excessively. This may be due to the fact 
that the bath is being worked beyond its capacity or that there 
is present too much free cyanide. Both conditions are rectified 
by the addition of copper and zinc cyanides. 
5. Fluctuating potential usually indicates bad contacts, although it 
is stated too to show lack of ammonia and cupric copper. 
6. When plating has a 'burnt' appearance, lack of ammonia or a high 
current density is indicated. This defect is met with very often 
~Ihen rep la ti ng 'recovered' metal parts \~hi ch have been 'debonded' 
by immersing in cyanide and are consequently in a very clean 
condition. 
---_._-------
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7. If the plating is a dull red colour, the zinc content is prob-
ably too high and this condition can be rectified by the addi-
tion of copper sulphate and/or copper/cyanide. 
8. The zinc content may again be too high if the plating is very 
bright yellow. In this case, again, cuprous cyanide or copper 
sulphate and ammonium chloride may be added to the bath or the 
temperature may be raised. 
9. When the deposit has a copper-red appearance it can be assumed 
that the percentage of copper is high. This can be depressed 
by the addition of ammonia usually. 
10. If the plating is dull grey in appearance, it may be that the 
alkali content of the bath is too high and that afll110nium chloride 
and copper sulphate should be added. 
11. If the deposit peels or blisters the trouble can be traced usually 
to poor or insufficient cleaning, although it may be caused by 
excessive gassing. If due to cleaning the whole cleaning line 
should be overhauled and theindividual solutions examined for 
traces of oi 1. 
12. Pitted brass can usually be traced to the surface conditions of 
the underlying metal. 
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APPENDIX 2 
TABLES SHOHING THE WAVELENGTHS, ENERGIES AND CRITICAL 
EXCITATION ENERGIES OF K LINES, LaL LINES, Llll SHELL 
AND r~ LINES 
a 
., 
Tl1avelengths, energies, and critical excitation energ;"cs of ~ .. 
J( W,es (after White and J01111S0", I972) 
K" Kpl 
E, 
Element Z A(A) E (keY) ,\(A) E (keY) (keY) 
Na II I I.91 1,041 : I.6::!. 1.067 I.oil 
~1g 12 9.890 I.z53 9·57° 1.2 95 1.:;03 
AI 13 8.340 1-486 7·9S= loSS3 1.560 
Si 14 7.126 I.i39 6.ii8 r.S~9 1.8';'0 
p IS 6.158 2. 01 3 5.804- :..136 2.143 
S 16 5·37z 2.30 ';" 5·0 :;:z 2.464- 2.470 
Cl 17 4·729 2.621 4-.40 3 2.8I5 2.81 9 
Ar 18 4.1 93 2·957 3.S~6 3. 1 90 3.202 
K 19 3.742 3.3 12 3·454 3·589 3.607 
Ca 20 3·3$9 3.690 :;.oC)o 4.0 12 "t·o:;, 
Se 21 3.0 32 4·oS8 2.780 4.460 4·~,S3 
Ti 22 2.75 0 4.508 2.5 14 4.93 1 4·96;-
Y 23 2.505 4·949 2.284- 5.426 5.46:; 
Cr =.1- 2.29 1 5·4!l 2.035 5.946 5·9SS 
I\In 2-., 2. 103 5:.394- J .910 6 . .;.89 6.53 6 
Fe 26 1·937 6.398 1.757 7.0 57 7·110 
Co 27 1·79° 6.92 ';- lo62,l 7·6+$ 7./03 
!'\i 2$ 1.659 7·471 1.500 8.263 8.33 0 
Cu 29 1.5+2 8.040 1.:>92 3·904 3·979 
Zn 30 1.43 6 8.6:;0 1.295 9·57° 9.659 
Gn 3 1 1.3+1 9.24 1 1.208 10.263 10·366 
Ge 32 1. 2 55 9.374 1.129 10.980 11.102 
As 33 1.177 10.530 1.057 1 I. 72+ 11.862 
Se 04 1.106 ~ I .207 0.99 2 12.tr 9+ Iz·S62 
Br L'.' 1.04 1 11.907 0·933 13.289 13·+68 
~, 
-
. Wllvelengths, alld energies of L"lllld Lp,lius, and Lw 
shell criticcl excitatiol! eJ,"rgies (after lVlzite and Joil1!Son, I972) 
L" Lp, 
E, 
Element Z A (A) E (l,cV) A (A) E (l,cV) (kcV) 
Ga 3 I 11.29 1.098 . 11.02- I. 125 !·I!7 
Gc 3' 10·44 1.188 10.18 L2IS I.21 7 
As 33 9·67 I 1.=:8:: 9.41 4 1.3:7 1.323 
Se 34 8.990 1.379 8.736 1.+19 1·434 
Br 35 8·375 1.480 8. 125 1.526 1.553 
KT 36 7.817 1.586 7·576 -1.636 1.677 
Rb 37 7.3 1 8 1.69+ 7.°76 :.752 1.~c6 
Sr 38 6.863 1.806 6.6.+ 1.371 L9+ r 
Y 39 6·449 1.92 2 6.212 J .995 2.079 
Zr 40 6.071 2.04-2 5.836 'Z-.I:."!+ 2.2~2 
Nb 41· 5·7"4 2.166 5··~92 2.257 2·Jio 
!\'!o 4' 5·+°7 2.293 5. 1 77 2·39+ 2.523 
Tc 43 5·! IS 2.42+ +887 2.53 6 2.6n 
Ru 
" 
4.8+6 2.558 4·621 2.683 2.837 
Rh 45 4·597 2.6<;6 4-37-!- ::..83+ 3.002 
Pd 46 +3 68 2.83 8 4·146. 2.990 3. 1 7'2. 
Ag 47 4. 1 54- 2.984- 3·935 3. 1 50 3.35 0 
Cd 48 3-956 3. 1 33 3.73 8 3·3 I6 3·537 
In 49 3·772- 3.286 3·555 3·..;.37 3.73 0 
Sn 50 3.600 3·443 3.385 3.662 :;.9::.8 
Sb SI 3·439 3.60';- J.2.6 3.843 4,'3:: 
Tc 52 3.289 3.769 3.077 4.029 +3.:.! 
I 53 3. 149 3·937 2·937 4.220 ' 4.558 
Xc S+ 3. 0 17 4·!09 4·7SI 
Cs 55 2.892 4.086 2.68+ 4.61 9 5.c~ I 
Ba 56 2·776 + .. ~65 2.563 4·S2? 5:2.;.6 
La 57 2.666 4.650 2·+59 5·o·P 5--tS:; 
Cc 58 2.5 62 4.839 2.356 5·261 5.723 
Pr 59 2.463 5.0 33 2.259 5·.;.88 5.062 
~d 60 2.370 5·2~9 2.,67 5.721 6.208 
Pm 6I 2.232 5·';'32 2.c30 5.960 6 .. ~59 
SIll 6. 2.200 5.635 '·99S 6.20";' 6.·iI6 
Ell 63 2 .• 21 5·S45 1.1)20 6 .. ~55 6.i.J7!J 
Gd 6+ 2.0+7 6.°5 6 1.847 6;7 t2 7 .. "!·}2 
Tb 65 1·977 6.07' 1.771 6·97i . 7·5:·; 
Dy 66 1.1)09 6.41)4- I.7IJ ,.2..;.6 ?,SS 
Ho 67 1..8·H .6.7 19 1.648 7.5 24- S.q66 
Er 68 1.784- 6.947 1·5S7 ,.SOI) S·356~· 
'fIn 69 1.727 ,.179 1.530 3.100 8.648 
Yb 70 1.672 '.414 1·476 8.400 8.94 2 
Lu 7 I 1.620 7.654- 1.+2+ 8.708 9·247 
Hi 7' 1.570 7.898 1·374- 9.021 9.556 
Ta 73 1.522 S.I';'5 1.327 9·34" 9.875 
\V 7·. 1.476 8.396 1.2e2 9.67 1 10 .• ,)S 
Rc 75 1...;.33 8.65 1 1.239 10.008 10.52,) 
Os 76 1.391 8.9 10 1.197 10·354 :o.S66 
!r 77 1.3 SI 9·17.;. 1.158 10.706 11.210 
Pt 78 1.3 13 9.441 1.120 I 1.069 11.560 
.-Iu 79 1.276 9.7 12 I.OS+ 11.440 11.1)19 
Hg 80 1.241 9.987 1.049 11.82 I 12.ZS,;. 
TI 8I 1.207 10.267 1.015 :::.ZIl 12.65$ 
Pb 82 1.175 10.550 0·9S3 12.612 13.0 ':;;) 
Bi 83 1.1.;.+ Io.S37 0.95 2 13.021 13.42+ 
-Wavelengths and energies of J11, lines (after White and 
JOllllSOll, I972) 
Element Z A (A) E (keV) 
Sm 62 11.+7 ~.oSr 
Eu 63 10.,)6' !.t:;. r 
Gd 6+ 10.46 1. 185 
Tb 6; 10.00 !·:Z40 
Dy· 66 9.59 0 1.293 
Ho 67' C).ZOO 1.347 
E, 68 S.S:zo 1.+°5 
Tm 69 8 . .;80 1.+62 
Yb 70, S.1·;'9 1.5 21 
Lu 71 "S·ro 1.581 
Hf 72 7·539 1.6+4-
Ta 73 7·z5z 1.709 
\V 74 6·9S3 "775 
Rc 75 . 6.7 2 9 1.842 
Os 76 6·478 1.9 14 
Ir 77 6.262 1.980 
Pt 78 6.0";'7 2.050 
Au 79 5·S.;.0 2.123 
Hg So 5·6+8 2·~95 
Tl 8, 5.460 7..270 
Pb 82 5·286 2·3";'5 
Bi 83 5. 118 2.42 2-
U 92 3.910 3·170 
, 
1. Fatigue Limit 
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APPENDIX 3 
DEFINITIONS 
That stress just too high for a metal to support when subjected 
to stress cycles of infinite number. Whenever the stress is not fully 
reversed, the mean or minimum stress value or the stress ratio is 
given. This ratio is commonly expressed as Sd. 
2. Fatigue Strength 
The greatest stress a metal will support without fracture for a 
specific number of stress cycles, the stress being wholly reversed 
within each cycle unless otherwise indicated. The stress may be equal 
in tension or compression and successive, or involve alternate tens·ion 
and compression with intermittent periods of rest. The fatigue strength 
for a hypothetical· stress value is usually denoted by the type of diagram 
known as an S-N curve. 
3. Martensitic 
Steel with a microstructural constituent of long. needle-like 
type, extremely hard and formed when steel is quickly cooled from the 
hardening temperature. 
4. Notches 
Sharp re-entrant angles in metals embodied in the design of a 
component or present as discontinuity in the surface. 
\] 
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